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Abstract
Multielement airfoil configurations have shown promise in improving the aerodynamic and structural characteristics
of the inboard section of megawatt-scale wind turbine blades by increasing the lift coefficients and lift-to-drag ratios.
Steady-state, two-dimensional CFD calculations were carried out for a closely-coupled three-element airfoil system
with one main element and two flaps at a Reynolds number of 1,000,000, and a well-separated four-element airfoil
system with an additional strut at a Reynolds number of 975,000. The two multielement airfoil systems were designed
for the inboard section of a 10 MW-scale wind turbine. Several configurations of the two systems were simulated
with varying flap deflection, gap, and overhang. Simulations were performed with ANSYS FLUENT, a hybrid
grid Navier-Stokes solver. Computational results were obtained using the four-equation Langtry-Menter Shear Stress
Transport (SST) Transition turbulence model. Lift and drag coefficients were computed in an attempt to understand
the effect of gap, overhang, and flap deflection on the multielement airfoil system performance. Wake bursting, a
multielement airfoil phenomenon, was analyzed in detail by visualizing off-the-surface flow downstream of the airfoil.
Two-dimensional wind tunnel simulations of the closely-coupled system were carried out to analyze the effect of wind
tunnel walls on the lift, drag and wake characteristics of the multielement airfoil system.
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Chapter 1
Introduction
Since the last decade the need to extract wind energy has become crucial due to the rise in energy demands. There have
been huge advancements in the designs of the modern wind turbines to meet the growing energy needs. Wind energy
as a power source is attractive as an alternative to fossil fuels because it is abundant, renewable, widely distributed,
clean, and produces no greenhouse gas emissions.
With increasing energy requirements, the need to design larger and more efficient wind turbines has become the
primary focus in wind turbine research. However, increasing the surface area of the blades to generate more power
leads to structural complications as the weight of the wind turbine blades increases with the volume of the blade. This
trend is known as the square-cubed law. The competing structural and aerodynamic requirements causes an overall
loss in the aerodynamic performance of the wind turbine [1].
Inboard sections of modern mega-watt scale wind turbines consist of thick airfoils to maintain the structural
integrity of the blade. However, thick airfoils are prone to having sub-optimal aerodynamic performance due to
sharp stall characteristics, increased base drag, and aerodynamic noise due to trailing edge vortex shedding.
Multielement airfoil configurations placed in the root section of wind turbine blades have been shown to improve
the aerodynamic characteristics of the blades which can reflect in an overall performance improvement of the wind
turbine [2]. Unlike high-lift devices such as flaps and slats on aircraft, which are stored in the main element during
cruise, the multielement airfoils in wind turbines are designed based on tip speed ratio for a single angle of attack
and do not need to be moved during operation. The fixed positions of the elements makes them a simple and feasible
option for improving blade performance. The aim of this research was to computationally analyze the aerodynamics
of multielement airfoil systems for wind turbines.
Two multielement airfoil systems were chosen for this study. The first system was a closely-coupled three-element
system consisting of one main element and two flap elements, as shown in Fig. 1.1(a). Computations for the closely-co-
upled system were focused on visualizing and analyzing lift, drag, pressure, and downstream wake characteristics of
the airfoil in steady flow. Numerical simulations were also performed to analyze the effect of wind tunnel walls on the
aerodynamics of the closely-coupled system by simulating flow around the airfoil system in a two dimensional slice
of a 3-ft × 4-ft wind tunnel at the University of Illinois. The second multielement airfoil system was a well-separated
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Figure 1.1: Multielement airfoil systems.
Figure 1.2: Placement of multielement system in the root section of wind turbine blades.
four-element system consisting of one main element, two flap elements, and a strut element as shown in Fig. 1.1(b).
Numerical analysis for this system was focused on analyzing the lift and drag characteristics of the airfoil system and
the effect changing gap and overhang had on the aerodynamic characteristics of the airfoil. The effect of the strut
element on the lift of the multielement system was also analyzed.
The airfoil systems, designed by Ragheb and Selig, have a system chord length (csys) of unity and aim to replace
thick one-element airfoils at the root section of wind turbine blades as shown in Fig. 1.2 [2]. Five configurations of the
closely-coupled system and eleven configurations of the well-separated system were chosen, with each configuration
representing different gaps, overhangs, and flap deflections. All numerical simulations were performed using the
hybrid grid Reynolds Averaged Navier-Stokes solver, ANSYS R© FLUENTTM .
Studies by Smith in 1975 show that multielement airfoil systems have complex flow characteristics as numerous
effects govern the flow around these systems [3]. It became necessary to generate the computational grids and choose
a computational turbulence model that could capture the complex flow phenomena around the multielement airfoil.
Initial studies were primarily focused on choosing the best turbulence model for the numerical simulations of the
multielement airfoil systems. The turbulence model is critical to the computational solution and care must be taken
to choose a model that can accurately compute and resolve the complex flow around the multielement airfoil system.
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Most of the turbulence models available on ANSYS FLUENT considered the flow to be completely turbulent and did
not model flow transition on the airfoil, thereby overpredicting Cd. Based on the Langtry-Menter turbulence model
formulation and validation [4], the SST Transition turbulence model was selected for validation. Turbulence model
validation was performed by computationally analyzing the NLR 7301 airfoil section with a trailing edge flap and
comparing the lift, drag, and pressure coefficient results with experimental data [5, 6]. Based on the validation study,
the SST Transition turbulence model was chosen for all computations as it had the capability of resolving the complex
aerodynamic flows associated with multielement airfoil systems.
Grid refinement and validation studies were performed to choose the proper grid size as computational grids play
a vital role in accurately resolving the complex flow fields. For the grid validation studies, three grids with increasing
grid resolution were generated and solved for the baseline configuration of the closely-coupled multielement airfoil
system. Based on the results obtained from the grid validation studies, default grid parameters were set up for the
remainder of the multielement airfoil configurations. Computations for each multielement airfoil configuration were
performed at a freestream Re = 1×106 and Re = 0.975×106 for the closely-coupled and well-separated multielement
airfoil systems respectively.
The research carried out for this thesis was computational in nature. Chapter 2 gives an overview of the tools used
to conduct the current research. Chapter 3 gives details about the turbulence model validation process carried out to
select the best turbulence model for simulating multielement airfoil systems. Chapter 4 explains the closely-coupled
multielement airfoil system and gives details about the simulations carried out on various configurations of the
closely-coupled airfoil system. The grid validation process carried out to choose the grid parameters for all simulations
performed for the current research is also explained in detail. Results obtained from the closely-coupled simulations
are plotted, discussed, and compared with existing literature. Details and results from the wind tunnel simulation of the
baseline configuration of the closely-coupled multielement airfoil system are given in Chapter 5. Chapter 6 explains
the well-separated multielement airfoil system, lays out the results obtained from the simulations of the well-separated
airfoil configurations, and compares the observations made with existing literature. The effect of the strut on the main
system is also explained. Chapter 7 summarizes the research conducted, highlights the important observations, and
gives suggestions on areas that could to be further explored in future research work.
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Chapter 2
Overview of ANSYS FLUENT
ANSYS FLUENT is a commercially available CFD software that offers a number of complex physical models to
analyze fluid flows around various geometries. The software has been integrated into the ANSYS Workbench thereby
providing the user with bi-directional connections to all major CAD systems and advanced meshing capabilities in
ANSYS Meshing [7]. The features of the ANSYS Meshing grid generator and the ANSYS FLUENT flow solver are
discussed below.
2.1 Grid Generator
ANSYS Meshing is a 2D and 3D grid generator capable of combining grid elements in a variety of shapes, such
as quadrilaterals and triangles for 2D simulations and hexahedra, tetrahedra, polyhedra, prisms, and pyramids for
3D simulations. The grid generation is based on the the Advancing Front Method for generation of viscous cells.
For 2D grid generation, finely resolved structured quadrilateral grids are created normal to the wall to resolve the
velocity gradients due to boundary layer effects. Based on the marching process of grid generation, unstructured
triangular grids grow from the structured boundary layer grid and gradually accumulate in the field around the subject
geometry [8].
ANSYS Meshing utilizes surface definitions from IGES files as input for 2D grid generation. For the current
study, SolidWorks 2010, a 3D CAD package by Dassault Systems SolidWorks Corps., was used for creating the
surface definition of the computational domain with the airfoil geometry negated from it. A surface extrusion of the
domain was created and imported to the grid generation tool as an IGES file.
2.2 Flow Solver
The ANSYS FLUENT code is a parallelized structured and unstructured node based solver. It is capable of solving
solutions via various schemes, such as Reynolds Averaged Navier-Stokes, Large Eddy Simulation, and Detached Eddy
Simulation. The code consists of two numerical solvers: the pressure based solver and the density based solver. In both
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methods, the velocity field is obtained from the momentum equations. In the density-based approach, the continuity
equation is used to obtain the density field while the pressure field is determined from the equation of state. In the
pressure-based approach, the pressure field is extracted by solving a pressure or pressure correction equation which is
obtained by manipulating the continuity and momentum equations [7]. The numerical scheme and solver used for the
current research is discussed in Section 3.3.
Several turbulence models are available in ANSYS FLUENT: the Spalart Allmaras one-equation model, the
two-equation k- and k-ω models, the three-equation Transition k-kl-ω model, the four-equation Langtry-Menter
SST Transition model, and the five-equation Reynolds Stress model. Each model uses a different scheme for solving
the governing equations based on their formulation. The choice of turbulence model depends on considerations such
as the established practice for a specific class of problem, the level of accuracy required, the available computational
resources, and the amount of time available for the simulation. Details of the turbulence model used for all computations
conducted during this research is discussed in the next section.
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Chapter 3
Turbulence Model Validation
Validation of a turbulence model is necessary to understand the capabilities and limitations of the model. A unified
and effective evaluation criterion is necessary to evaluate the accuracy of the turbulence model under study. For the
current research, the four-equation Langtry-Menter SST Transition turbulence model was chosen for the validation
studies. The SST Transition model is a four-equation model that is built on a transport equation for intermittency,
which can be used to trigger transition locally. In addition to the transport equation for the intermittency, a second
transport equation is solved for the transition onset momentum-thickness Reynolds number. The second transport
equation is required in order to capture the non-local influence of the turbulence intensity, which changes due to the
decay of the turbulence kinetic energy in the free-stream, as well as due to changes in the free-stream velocity outside
the boundary layer. This second transport equation is an essential part of the model as it ties the empirical correlation
to the onset criteria in the intermittency equation. The two transport equations coupled with the SST k-ω transport
equations in terms of moumentum-thickness Reynolds number help in predicting transition over geometries accurately
and resolves complex aerodynamic flows in general geometries and over multiple airfoils.
The SST Transition turbulence model was validated by simulating the NLR 7301 supercritical airfoil/flap configur-
ation and comparing the lift and drag curves against experimental data collected in the low speed wind tunnel at the
National Research Labs, Netherlands [5, 6]. The experimental data also included pressure distributions at 6 and 13.1
deg angles of attack. The two-element system consisted of the NLR 7301 airfoil section and a flap element of 32%
chord at a deflection angle of 20 deg, a gap of 2.6% chord, and an overlap of 5.3% chord, as shown in Fig. 3.1. The
simulations were performed at freestream conditions similar to that of the experiments, details of which are in Section
3.3. The following sections give details about the grid generated for the NLR 7301 airfoil/flap configuration and the
compare the simulation results with experimental data.
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Figure 3.1: NLR 7301 multielement airfoil configuration.
Figure 3.2: Zonal hybrid grid.
3.1 Computational Grid
Computational solutions are sensitive to the discretization of the computational domain. For the present 2D computati-
ons, zonal hybrid grids, as shown in Fig. 3.2, were generated with structured cells consisting of quadrilateral elements
in the boundary layer region of the airfoil and unstructured cells consisting of triangular elements for the rest of the
domain. Computational domain area, wall y+, grid growth rate, and number of viscous boundary layers were the focal
grid parameters while generating the grids.
The computational domain is the geometrical region over which a simulation is performed. The distance of the
far-field region from the surface of the airfoil must be such that the effects of the flow at the far-field region do not
have an impact on the near-field solution. The computational domain area is determined by the far-field distance given
in terms of the chord length of the airfoil under consideration. Computational domain area for the present grids were
defined by placing the far-field boundaries at 15 times the system chord length (csys). This distance translates to a
computational domain area of 30csys × 30csys.
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(a) Computational domain (b) Grids around the airfoil (c) Grids between the gaps
Figure 3.3: Grids for the NLR 7301 airfoil/flap configuration.
Wall y+ is a non-dimensional description of distance from a wall in relation to local flow and wall shear stress
parameters. The expression of distances from the wall in y+ units is important in defining velocity and turbulence
distributions in a universal form suited to wall functions. The wall function to be employed is determined by the
turbulence model being used to solve the flow in the computational domain. An important requirement in the
application of wall functions in CFD is that the cells adjacent to the wall have a height (usually expressed in y+
units) that is compatible with the wall functions. For the SST Transition model to accurately resolve the boundary
layer flow, y+ was set to be less than unity throughout the surface of each element of the multielement airfoil system.
Grid growth rate is defined as the rate at which grid cell size increases from one cell to the next as the grid layers
advance from the airfoil surface to the boundaries defined by the computational domain. With increasing order of grid
resolution, the value of the grid growth rate decreases.
The number of viscous layers in the boundary layer determines the computational resolution of the flow gradients
near the surface of the airfoil. Proper resolution of the flow gradients is critical in obtaining accurate results. For the
present grids, the number of viscous layers increased with increasing level of grid resolution.
Values for the grid parameters were decided based on the multielement airfoil system chord length, turbulence
model, and freestream Reynolds number. The final grid for the NLR 7301 supercritical airfoil/flap configuration, as
shown in Fig. 3.3, consisted of 8,267 nodes on the surface of the main element and 1,612 nodes on the surface of the
flap element. The number of structured cells in the boundary layer was 1,333,390, and the total number of cells in the
computational domain was 2,077,261. Larger cell concentration was used near the leading and trailing edges of each
element and between the gaps of the elements. The first node adjacent to the wall of the main element and the flap
element was at a distance of y = 5.70×10−6 and y = 1.90×10−6 respectively to obtain a y+ = 1 for a freestream chord
Reynolds number of 2.51×106. The computational domain area was 30×30.
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3.2 Boundary Conditions
All computational models presented in this research had two types of boundaries where flow conditions had to be
specified:
• the physical boundaries, such as inflow, outflow, far field, and solid surfaces
• the block-interference boundaries across which all flow quantities were continuous
For the physical boundaries, freestream velocity and the sin and cos components of the flow angle which correspon-
ded to the the system angle of attack were specified at the far-field boundary and the inflow boundary. A second-order
extrapolation is used for all variables at the outflow boundary. On the solid airfoil surfaces, no-slip flow and zero
normal pressure gradient conditions were used.
An explicit numerical scheme was applied at the block-interface boundaries as the physical boundaries were well
defined. The application of explicit boundary conditions helped make the computations less numerically intensive
leading to faster convergence.
3.3 Solution Development
All solutions in this research were computed using the Reynolds Averaged Navier-Stokes solution scheme. Numerical
analysis was done using the pressure-based solver by applying the transport equations at the nodes of the grid elements.
The Langtry-Menter four-equation SST Transition model was used for all computations. The simulations for the NLR
7301 airfoil/flap configuration were made at Re = 2.51×106 (based on csys) and a freestream temperature of 300
K (80.33 ◦F). The flow initialization for the multielement airfoil configuration took 50 hours and 550,000 iterations
before solution convergence. The computations were performed on a desktop system with an Intel R© CoreTM i7 quad
core processor with 9.00 Gigabytes of RAM. The grid was split into four zones, each of which were computed by a
single processor.
3.4 Results and Comparison
3.4.1 Lift and Drag Characteristics
Comparison of computational Cl and Cd with experimental data at various angles of attack is shown in Fig. 3.4. It is
observed from Fig. 3.4 that computed Cl and Cd are in fairly good agreement with the experimental data. The SST
Transition turbulence model underpredicts Cl by 3% constantly and overpredicts Cd by 4% for all angles of attack.
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(a) Cl vs. α
(b) Cl vs. Cd
Figure 3.4: Comparison plots of lift and drag coefficient for NLR 7301 multielement airfoil configuration [5, 6].
It can also be observed from Fig. 3.4 that the trends of the computed lift curve and drag polar are similar to that of
the experimental data. The low error in the prediction of Cl and Cd by the SST Transition model can be attributed to
the fact that flow transition was being accurately predicted and the laminar and turbulent boundary layers were well
resolved.
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3.4.2 Coefficient of Pressure Distribution
Figure 3.5 shows the computed Cp distribution over the surface of the airfoil compared to the experimental data at 6
and 13.1 deg angles of attack respectively. It can be observed from Fig. 3.5 that the SST Transition model predicts the
Cp distribution with excellent accuracy.
(a) Cp distribution at α = 6 deg
(b) Cp distribution at α = 6 deg
Figure 3.5: Comparison plots of pressure coefficient for NLR 7301 multielement airfoil configuration [6].
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Based on the accuracy of lift, drag, and pressure coefficient prediction by the SST Transition model, the turbulence
model validation study was concluded and the SST Transition turbulence model was chosen for all further simulations
of multielement airfoil systems.
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Chapter 4
Closely-Coupled Multielement Airfoil
System
The closely coupled multielement airfoil system, shown in Fig. 4.1, was designed as a replacement airfoil system for
an existing single-element wind turbine airfoil. A system chord length of unity was defined for all configurations. The
leading edge of the multielement system was not necessarily the leading edge of the main element. Flap deflections
were defined and the trailing edge of the final flap was set on the system chord line of y = 0, as shown in Fig. 4.1,
and defined as the trailing edge of the system (TEsys). The leading edge of the system (LEsys) was defined as the
point furthest away from the trailing edge of the system and was set at the origin. The angle of attack was defined as
the angle between the freestream velocity and the system chord line. The airfoil system can be described in terms of
two coordinate systems: absolute coordinates or relative coordinates.The position of each element was constrained by
three degrees of freedom in each coordinate system.
Absolute coordinates are provided for future researchers to easily replicate the configurations tested in this report.
The schematic of this coordinate system is shown below in Fig. 4.2. The deflection of the main element (δ1) was
defined to be zero. The deflections angles of the flaps (δ2 and δ3) were defined from the chord line of each flap to the
chord line of the main element. The location in space for each element is constrained by xle,n and yle,n.
The aerodynamic performance of multielement airfoil systems is highly dependent on deflection angles, overhang
distance, and gap sizes between the elements [9, 10]. The relative coordinate system, shown below in Fig. 4.3, was
Figure 4.1: Closely-coupled multielement airfoil system.
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Figure 4.2: Absolute coordinates for closely-coupled multielement airfoil system.
used to define the system by parameters which govern the flow. The deflection angle of the main element (δ1) was
taken as zero. A positive deflection angle corresponded to a downward flap deflection.The location of the flaps in
space was constrained by overhang distance and gap size. The gap size between elements (Gapn) was defined as the
distance from the trailing edge of element n to the closest point on element n+ 1. Overhang distance (Overhangn)
between elements n and n+ 1 was defined as the distance from the leading edge of element n+ 1 to the trailing
edge of n projected along the chord line of element n, as shown in the lower portion of Fig. 4.3. A positive overhang
indicates that the leading edge of the flap is ahead of the trailing edge of the previous element. Relative deflection
angles (δr,n) were defined as the angle between the chord line of element n+ 1 and the chord line of element n.
Before running the simulations to analyze the aerodynamics of the closely-coupled multielement airfoil system, a
systematic grid validation study was conducted. Convergence criteria adopted for grid validation studies are described
and the representative plots are shown in the following section.
4.1 Grid Validation
As described in Section 3.1, numerical solutions are highly sensitive to the discretization of the computational domain.
Based on the grid parameters set during the validation process, three grids (coarse, medium, and fine), as shown in
Fig. 4.4, were generated for the baseline configuration of the closely-coupled system, henceforth referred to as CC-1.
Grid growth rate and number of viscous boundary layers were the grid parameters varied for the three grids. Details
of the three grids are given in Table 4.1. Steady-state simulations using the SST Transition turbulence model were
performed for the three grids for a Re = 1× 106 at an angle of attack of 9.081 deg with the same boundary conditions.
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Figure 4.3: Relative coordinates for closely-coupled multielement airfoil system.
(a) coarse (b) medium (c) fine
Figure 4.4: Grids for grid validation of CC-1.
Table 4.1: Grid Statistics for the Grid Validation of CC-1
Grid Number of cells in boundary layer Total number of cells
Coarse 872,895 1,104,547
Medium 1,022,764 1,456,130
Fine 1,588,164 2,369,176
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4.1.1 Grid Convergence Index
Grid Convergence Index (GCI) is a method to accurately estimate the order of convergence. GCI provides an
error band on the grid convergence of the solution and calculates the percentage measure of uncertainty of the grid
convergence. GCI also gives an indication of how much the solution will change with further grid refinement. The
computed solution should approach an asymptotic value (i.e. the true numerical solution) as the grid is refined and
the resolution is improved. The procedure presented by Celik, et al. to determine GCI was used for this analysis [11].
First the average grid size for the complete computational domain was determined from the equation
h =
(
1
N
N∑
i=1
∆Ai
) 1
2
(4.1)
where N is the total number of cells in the domain and ∆Ai is the area of the ith cell. Next, the refinement factor
from one grid to the next was calculated using the equation
rij =
hi
hj
(4.2)
where i corresponds to the coarser grid and j corresponds to the finer grid. The apparent order, o, of the method used
for the computation was calculated using the expression
o =
1
ln r(q−1)q
ln
[(
ϕ(q−1) − ϕ(q−2)
ϕq − ϕ(q−1)
)]
(4.3)
where ϕ is a variable important to the object of the simulation (Cd for the current grid validation studies). The
total number of grids used for the validation process arranged in increasing order of fineness is represented by q.
Richardson’s extrapolation was then used to extrapolate the solution for an infinitely large mesh. The extrapolated
solution was calculated from the expression
ϕ∞ =
r(q−1)qϕq − ϕ(q−1)
r(q−1)q − 1 (4.4)
The approximation of the total computation error was obtained using
eapp =
∣∣∣∣ϕq − ϕ(q−1)ϕq
∣∣∣∣ (4.5)
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Similarly, the extrapolated relative error was calculated using
e∞ =
∣∣∣∣ ϕq − ϕ(q−1)r(q−1)qϕq − ϕ(q−1)
∣∣∣∣ (4.6)
Finally, the GCI was determined from the following expression
GCI =
1.25eapp
ro(q−1)q − 1
(4.7)
For the present grid convergence study, the true solution was taken as the negative bound of the extrapolated solution,
i.e.
True Solution = ϕ∞ − e∞ϕ∞ (4.8)
The computational Cd data obtained was used to calculate the GCI, true solution, and the resulting bounds of Cd
for each grid. A summary of the results is shown in Table 4.2 and plotted in Fig. 4.5. It can be seen from Fig. 4.5
that the finest grid is closest to the true solution of Cd. Also the true solution lies within the uncertainty bounds
of the computed solution using the finest grid. Hence the grid parameters associated with the fine grid were set as
default, and similar grids were generated for the rest of the configurations of the closely-coupled and well-separated
multielement airfoil systems.
4.1.2 Representative Residuals
For every computational simulation, the flow and turbulence model residuals were monitored. The solution was
considered to have converged if the representative residuals were of the order of 10−6 units. The average flow and
turbulence model residuals and Cl and Cd for the last 4000 iterations of CC-1 simulations were plotted for the fine
grid and are shown in Fig. 4.6(a) and Fig. 4.6(b), respectively. From Fig. 4.6(b), it can be observed that the deviation
in the values of Cl and Cd is minimal over the last 4000 iterations suggesting that the solution has converged.
Table 4.2: Summary of the Grid Validation Process
Grid Total number N−(2/3) Cd Cd GCI Positive Negative
of cells (N ) Computational True Solution bound bound
Coarse 1,104,547 9.35×10−5 0.015143 0.023460 0.216 0.018413 0.011872
Medium 1,456,130 7.78×10−5 0.018965 0.023460 0.216 0.023061 0.014868
Fine 2,369,176 5.62×10−5 0.022706 0.023460 0.216 0.027610 0.017801
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Figure 4.5: Grid convergence of Cd from the SST Transition turbulence model.
(a) Average flow and turbulence model residuals. (b) Variation of Cl and Cd with iterations
Figure 4.6: Representative residuals of the fine grid.
4.2 Solution Development
On completion of the grid validation process, the grid parameters were fixed for all multielement airfoil configurations.
The grids used for computing the solutions for the closely-coupled configurations are shown in Fig. 4.7. Table 4.3
summarizes the boundary layer grids on each element of the multielement airfoil system. The total number of
structured cells in the boundary layer was 1,588,164, and the total number of cells in the computational domain
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Table 4.3: Summary of Boundary Layer Grids on Individual Elements of the Closely-Coupled System
Element No. of y No. of viscous
surface nodes (for Re=1×106) boundary layers
Main 8,267 1.65×10−5 51
Flap 1 1,891 4.10×10−6 79
Flap 2 1,612 3.50×10−6 81
(a) Computational domain (b) Grids around the airfoil (c) Grids between the gaps
Figure 4.7: Grids for the closely-coupled configurations.
was 2,369,176. Larger cell concentration was used near the leading and trailing edges of each element, between the
gaps of the elements, and at the wake of the multielement airfoil system. All solutions were computed using the
pressure-based solver by applying the Langtry-Menter four-equation SST Transition model transport equations at the
nodes of the grid elements. The flow initialization for each closely-coupled configuration took 70 hours and 70,000
iterations before solution convergence. The remaining angles of attack for a configuration were computed in 20 hours
and 10,000 iterations as they were initialized using the converged solution of the previous angle of attack.
4.3 Results and Discussion
All computations for the closely-coupled system were made atRe = 1×106 (based on csys) and a freestream temperature
of 300 K (80.33 ◦F). Five configurations with varying gap, overhang, and flap deflection angles, as summarized in
Table 4.4, were chosen. Solutions have been computed at nine different angles of attack for each configuration, with
all angles of attack being restricted to the linear region of the lift curve slope prior to stall.
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Table 4.4: Details of Closely-Coupled Configurations Simulated (Relative Coordinates)
Configuration Gap2 Overhang2 δr,2 Gap3 Overhang3 δr,3
(%csys) (%csys) (deg) (%csys) (%csys) (deg)
CC-1 (baseline) 0.022828 0.014340 21.40 0.020112 0.014740 9.03
CC-11 0.022828 0.014340 21.00 0.020112 0.014740 11.00
CC-15 0.022828 0.014340 23.00 0.020112 0.014740 13.00
CC-40 0.027828 0.006840 23.00 0.027828 0.006840 13.00
CC-53 0.015000 0.010000 23.00 0.015000 0.010000 13.00
A script-based automated process was used to post-process all the solutions which were obtained as packaged case
and data files from FLUENT. The following graphs and contour plots were generated for analysis:
• Cl versus computed angles of attack (α)
• Drag polar
• Cp contour plots
• Stagnation Pressure (P0) contour plots
• U/U∞ contour plots
• Mach number contour plots
• Chordwise Cp distribution
In Section 4.3.1, lift and drag polars for each configuration are analyzed. Following in Section 4.3.2, the pressure
coefficient distributions at selected angles of attack for the baseline configuration are studied and compared. In
Section 4.3.3, the U/U∞ contour plots are studied in detail to visualize and analyze the complex flow fields in
the wake region of the closely-coupled multielement airfoil system. Flowfield contours for all simulations of the
closely-coupled configurations are presented in Appendix C.
4.3.1 Lift and Drag Characteristics
Plots of computational lift and drag polars at Re = 1×106 for the five closely coupled configurations are shown in
Figs. 4.8 - 4.12. The airfoil results are plotted in the following order: CC-1, CC-11, CC-15, CC-40, and CC-53.
The first plot in each figure contains the lift polar while the second plot contains the drag polar for the particular
configuration.
As shown in Table 4.4, configurations CC-1, CC-11, and CC-15 have the same flap gaps and overhangs while
the flap deflections are changed. For configurations CC-15, CC-40, and CC-53, the flap deflections are held constant
while the gaps and overhangs are varied. It is instructive to compare Cl and Cd data for varying flap deflection and
varying gap and overhang. Figure 4.13 shows the Cl and Cd data co-plotted for the cases with varying flap deflections
while Fig. 4.15 shows similar plots for varying gap and overhang.
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Figure 4.8: Aerodynamic coefficient plots for CC-1 at Re = 1×106.
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Figure 4.9: Aerodynamic coefficient plots for CC-11 at Re = 1×106.
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Figure 4.10: Aerodynamic coefficient plots for CC-15 at Re = 1×106.
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Figure 4.11: Aerodynamic coefficient plots for CC-40 at Re = 1×106.
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Figure 4.12: Aerodynamic coefficient plots for CC-53 at Re = 1×106.
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(a) Cl vs. α (b) Cd vs. α
Figure 4.13: Cross comparison plots for constant flap gaps and overhangs at Re = 1×106.
Figure 4.14: Computational results indicating effect of flap deflection on Cl (Re = 1×106) (taken from Ref. 9).
In the case of constant flap gaps and overhangs and varying flap deflections, it can be observed from Fig. 4.13(a)
that as the flap deflections are increased from CC-1 to CC-15, the lift increases significantly. The increase in lift can be
attributed to the fact that increasing flap deflection leads to higher camber on the multielement system causing higher
flow curvature, thereby increasing lift. An increase in flap deflection also yields a much stronger adverse pressure
gradient on the main element and can also increase the suction peak over the flap. The results observed in Fig. 4.13(a)
agree with the studies on a two-element slotted flap multielement airfoil system carried out by Biber, et al. who
concluded that an increase in flap deflection angle increases Cl at a given α [12]. The results shown in Fig. 4.13(a)
also agree well with the studies carried out by Cerra and Katz on the effect of flap deflection on Cl of a thick airfoil
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(a) Cl vs. α (b) Cd vs. α
Figure 4.15: Cross comparison plots for constant flap deflections at Re = 1×106.
Figure 4.16: Experimental results indicating effect of gap size on Cl at Re = 3.5×106 (taken from Ref. 10).
system as shown in Fig. 4.14 [9]. It is also interesting to note from Fig. 4.13(a) that an increase in δ3 along with a
slight decrease in δ2 starting from the baseline configuration CC-1 to CC-11, does not increase Cl significantly. It can
be concluded that Cl is more sensitive to the deflection of the first flap (δ2) as compared to the deflection of the second
flap (δ3). There is no significant effect of varying flap deflections on Cd for the closely-coupled multielement airfoil
system.
Cross comparison of Cl for constant flap deflections and varying gaps and overhangs, as shown in Fig. 4.15(a),
shows that increasing gap and decreasing overhang does not have a significant effect on the lift of the closely-coupled
multielement airfoil system. However, decreasing both gap and overhang causes a decrease in the lift curve slope. In
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general, a smaller gap accelerates the flow more rapidly than a larger gap. Spaid observed that confluent boundary
layers and complex wake interactions can adversely affect the performance of the system if the gap is too small [13].
Effect of the gap size as observed by Ashby is presented in Fig. 4.16 [10]. The trends observed in the lift curves in
Fig. 4.15(a) for the closely-coupled multielement airfoil system are similar to those observed by Ashby (Fig. 4.16) [10].
Figure 4.14(b) shows that Cd of the closely-coupled system is highly dependent on the flap gap and overhang. The
sensitivity of Cd to variations in flap gap and overhang is due to wake effects downstream of the airfoil and is better
explained in Section 4.3.3 where the flow downstream is visualized and analyzed. Due to insufficient data on the
effect of overhang on the closely-coupled multielement airfoil system, airfoil performance as a result of varying flap
overhang is analyzed in detail for the well-separated multielement airfoil system.
4.3.2 Coefficient of Pressure Distribution
Figure 4.17 shows the pressure coefficient distributions at five angles of attack for which simulations were performed
for CC-1. It can be observed from the plots in Fig. 4.17 that the main element is the primary contributor to lift, as
expected. The lower surface of the pressure curves in Fig. 4.17 also show evidence of flow separation. From the
curvature of the lower surface of the pressure distribution, it is evident that the flow remains attached to the majority
of the airfoil surface at lower angles of attack. However, beyond an angle of attack of 13 deg, the lower surface of the
pressure curve starts to flatten out rapidly. This trend physically translates into rapid flow separation. Similar trends
were observed for the rest of the four configurations.
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(a) α = 9.081 deg (b) α = 11.149 deg
(c) α = 13.190 deg (d) α = 15.234 deg
(e) α = 17.266 deg
Figure 4.17: Cp distributions for CC-1.
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4.3.3 Wake Bursting
Dynamics of wake interactions downstream of multielement airfoils can be highly complex and difficult to predict
and compute. The pressure field off-the-surface of the multielement airfoil system is driven by the wake of the main
element, the flap wake, and the wake of the jet through the gaps [14]. Spreading and merging wakes shed from the
different elements dominate the flowfield and can have a strong effect on the value of Clmax [13, 14, 15]. In general,
there is a deficit in the aerodynamic performance of the multielement airfoil system if the wakes of the main and flap
elements interact in any manner [13].
Studies by Nakayama, et al. show that the wake of the main element has the largest deficit in momentum and
width [14]. The low momentum wake of an upstream element can be adversely affected by the pressure gradients
in the field of a downstream element. If the adverse pressure gradient is too great, the low momentum wake of the
upstream element may experience an off-the-surface flow reversal. This separation is known as wake bursting. Wake
bursting effectively decambers the airfoil system and leads to a loss in lift [16, 17]. The region of the burst wake has
a drop in static pressure and mean velocity in region approaches zero or negative values [17, 18]. Experiments by
Schneider, et al. indicated the presence of two momentum deficit regions behind a multielement system when wake
bursting occurred; one was the wake of the airfoil system and the other was the burst wake [19]. Additional tests by
Hoffenberg, et al. suggested that the wakes in an adverse pressure gradient thicken and the momentum deficit grows
as the adverse pressure gradient strengthens [20].
Computational analysis was used to visualize off-the-surface flow downstream of the airfoil for the closely-coupled
multielement airfoil configurations. Figure 4.18 shows the U/U∞ contours for CC-1 for the computed angles of
attack. Interaction between upstream element wakes and boundary layers on downstream elements can be observed in
Fig. 4.18, as the angle of attack increases from 9 to 19 deg. As flow turning angles become significant, the boundary
layers are accompanied by high pressure gradients. When the low energy flow of the wake encounters the adverse
gradient created by the downstream element, the wake decelerates. The wake deceleration causes an off-the-surface
flow reversal or “wake bursting” at higher angles of attack leading to an extra momentum deficit region behind the
multielement system. In Fig. 4.18, the wake bursting is signified by the dark blue spot above the flap elements at
angles of attack above 13 deg.
Contour plots of U/U∞ for the five closely-coupled configurations at the same angle of attack have been plotted
in Figs. 4.19 and 4.20 to make a cross comparison of the wake bursting effects between configurations with constant
gaps and overhangs and configurations with constant flap deflections .
Figure 4.19 shows the flow comparison between the configurations with constant gaps and overhangs and varying
flap deflections. It can be observed from Fig 4.19 that as the flap deflection increases, wake bursting increases. The
increase in wake bursting can be attributed to the fact that with increasing flap deflections, the flow turning angles
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(a) α = 9.081 deg (b) α = 11.149 deg
(c) α = 13.190 deg (d) α = 15.234 deg
(e) α = 17.266 deg (f) α = 18.274 deg
Figure 4.18: U/U∞ contours for CC-1.
increase causing higher pressure gradients which physically translates to higher off-the surface flow reversal.
Figure 4.20 shows the flow comparison between the configurations with constant flap deflections and varying gaps
and overhangs. In the case of configuration CC-40, the gap is increased for both flaps while overhang is decreased
as compared to CC-15. On the other hand, both gap and overhang are decreased for both flaps in configuration
CC-53 as compared to CC-15. On comparing Fig. 4.20(a) and 4.20(b), it can be observed that an increase in gap
and decrease in overhang tends to decrease wake bursting. Increasing gap reduces the flow acceleration between the
main and flap elements causing a decrease in the adverse pressure gradients. Figure 4.20(c) shows that decreasing the
gap and overhang leads to higher wake bursting due to high pressure gradients caused by increased flow acceleration
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(a) U/U∞ contour for CC-1 at α = 16.258 deg (b) U/U∞ contour for CC-11 at α = 16.253 deg
(c) U/U∞ contour for CC-15 at α = 16.261 deg
Figure 4.19: U/U∞ contours comparison for varying flap deflection.
(a) U/U∞ contour for CC-15 at α = 16.261 deg (b) U/U∞ contour for CC-40 at α = 16.241 deg
(c) U/U∞ contour for CC-53 at α = 16.255 deg
Figure 4.20: U/U∞ contours comparison for varying gap and overhang.
32
between the main element and flap. The higher wake bursting causes an increase in drag, as observed in Fig. 4.15(b)
in Section 4.3.1. From Fig. 4.20, it can be concluded that reducing overhang has minimal effect on wake bursting
of the closely-coupled multielement airfoil system. However, wake bursting is highly sensitive to the gap between
the elements of the multielement airfoil system. Care must be taken to choose a proper gap size so as to have higher
aerodynamic efficiency. The effect of increased overhang on the wake could not be computed due to time limitations.
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Chapter 5
2D Closely-Coupled System Tunnel
Simulations
Flow conditions in a wind tunnel are not completely the same as in an unbounded airstream. Even if the tunnel tests
are carried out at full-scale Reynolds number and Mach number, the flow pattern around the airfoil will generally
differ from that of the airfoil in free air. These discrepancies arise from various factors, including the distortion of
the flow pattern due to the limited cross-section of the tunnel. In this section, the effect of the upper and lower wall
boundaries on the aerodynamics of the multielement airfoil was analyzed by simulating the baseline configuration of
the closely-coupled multielement airfoil system placed in the test section of the UIUC low turbulence subsonic wind
tunnel. Two CFD models were generated for four angles of attack ranging from 9 - 17 deg. The following sections
give an overview of the UIUC wind tunnel, the 2D CFD models and grids generated for the numerical studies, and the
results obtained for the one and two wall simulations compared with the no-wall cases.
5.1 Wind Tunnel
A 2D slice of the test section of the UIUC low-turbulence subsonic wind tunnel was modeled for this study. An
isometric view of the tunnel can be seen in Fig. 5.1 [21]. The wind tunnel is an open-return type with an overall
length of 60 ft. The contraction ratio from the inlet to the test section is 7.5:1. The test section has a rectangular cross
section with a nominal width of 4 ft and a height of 2.8 ft. The length of the test section is nominally 8 ft. With a
125-hp alternating current electric motor connected to a five-blade fan, test section speeds are variable up to 160 mph.
A photograph of the fan can be seen in Fig. 5.2. Low turbulence in the wind tunnel is obtained by using a 4-in thick
honeycomb and anti-turbulence screens which are located at the inlet of the wind-tunnel, as shown in Fig. 5.3.
5.2 CFD Model
Two CFD models, as shown in Figs. 5.4 and 5.5, were generated for this study. The first CFD model had the no-slip
boundary condition imposed on the wall above the top surface of the airfoil to study the effect of the wall on the
aerodynamics of the airfoil. The second CFD model had the no-slip boundary condition on both the top and bottom
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Silencer
Fan
Diffuser
Test Section
Inlet
Figure 5.1: UIUC low-speed subsonic wind tunnel.
Figure 5.2: Photograph of wind tunnel fan (taken by Gregory Williamson).
Figure 5.3: Photograph of wind tunnel inlet showing the honeycomb screen (taken by Gregory Williamson).
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walls. The baseline configuration of the closely-coupled multielement airfoil system was placed such that the airfoil
axis of rotation corresponded to the tunnel center of rotation, as shown in Fig. 5.4. The tunnel wall boundary layer
growth was initiated from three chord lengths upstream of the leading edge and was terminated at five chord lengths
downstream of the trailing edge in order to avoid the flow from replicating a fluid flow through a pipe.
The grids used for the computations for both the one and two wall cases are shown in Fig. 5.6. The total number
of cells in the domain was 1,080,000 with 70 structured viscous boundary layers on each element of the multielement
airfoil system and 100 structured viscous boundary layers on the upper and lower walls. A y+ value of unity was
maintained for the airfoil and tunnel wall surfaces as the SST Transition turbulence model was used for the numerical
analysis.
Unlike the simulations for the airfoil with no walls, grids had to be regenerated and flow had to be reinitialized
for every angle of attack for the computational analysis of the airfoil with the tunnel walls. Repeated reinitialization
of flow was required due to the fact that, while simulating the airfoils with no walls, the flow was deflected to obtain
the required angle of attack as shown in Fig. 5.7(a). However, while simulating the airfoils with tunnel walls, flow
could not be deflected as it had to always be parallel to the tunnel walls. The airfoil was rotated about the tunnel
center of rotation to obtain the required angle of attack as shown in Fig. 5.7(b). This change in geometry required the
development of new grids and reinitialization of the flow for every angle of attack tested.
During the course of the initial simulations of the one walled cases, extraneous flow at the Vslip boundary was
noticed, as marked in Fig. 5.8. The extraneous wall flow was due to a computation issue commonly known as
‘computation wall-effect’ and was caused by the proximity of the Vslip boundary to the airfoil surface. This issue
was rectified by extending the Vslip boundary below the lower surface of the airfoil for the one walled simulations.
The modified CFD model and the associated grids are shown in Fig. 5.9 and Fig. 5.10 respectively.
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Figure 5.4: CFD model for one wall simulations.
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Figure 5.5: CFD model for two walls simulations.
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(a) Computational domain
(b) Grids in the test section (c) Grids around the airfoil
Figure 5.6: Grids for the 2D tunnel simulations.
Config: MFF-089 CC-1    
Alpha: 16.258 deg
Re: 1x106
(a) No wall
Config: MFF-089 CC-1 2-D Tunnel Simulation
Alpha: 16.258 (1 wall)
Re: 1x106
(b) One and two walls
Figure 5.7: Flow streamlines.
Figure 5.8: Extraneous flow at Vslip boundary.
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Figure 5.9: Modified CFD model for one wall simulations.
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(a) Computational domain
(b) Grids in the test section (c) Grids around the airfoil
Figure 5.10: Grids for the modified one wall simulation model.
5.3 Results and Comparison
Computations for the tunnel simulations were performed atRe = 1×106 (based on csys) and a freestream temperature
of 300 K (80.33 ◦F). Simulations for both the one and two walled cases were performed for four angles of attack
ranging from 9 – 17 deg and equal to the angles of attack at which simulations for the baseline configuration with no
walls were performed. In Section 5.3.1, Cl data for the three cases (no wall, one wall, and two walls) are compared
and analyzed. In Section 5.3.2, U/U∞ contours for the three cases at a particular angle of attack are studied and
compared.
5.3.1 Comparison of Lift Characteristics
Figure 5.11 shows theCl data comparison for the no wall, one walled, and two walled simulations. It can be concluded
from Fig. 5.11 that the presence of walls leads to a reduction in Cl for the multielement airfoil system.
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Figure 5.11: Comparison of Cl for the no wall, one wall, and two walls cases.
Figure 5.12: Wall constraint in a closed tunnel (taken from Ref. 22, image was mirrored).
The reduction in the value of Cl is due to the constraint imposed by the walls on the lateral expansion of the
streamlines in the region of the model, as shown in Fig. 5.12 [22]. The flat-lining of the streamlines causes a reduction
in the circulation around the airfoil which in turn reduces Cl. It can also be concluded from Fig.5.11 that the upper
wall is a major contributor to the drop in Cl.
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5.3.2 Comparison of Wake Characteristics
A comparison of the U/U∞ at a 16.258 deg angle of attack for the one wall, two walls, and no walls cases is shown
in Fig. 5.13. Simulation results shows increased flow separation in the presence of walls as compared to the no wall
case. Increased separation in the presence of the upper wall as compared to the no wall case can be explained by
the divergence effect of the flow. The presence of the upper wall reduces the flow velocity downstream of the airfoil
by creating a diverging nozzle between the airfoil and the wall. The decrease in axial velocity in turn increases the
adverse pressure gradient needed to be overcome by the flow above the airfoil in order for the flow to remain attached.
The increase in adverse pressure gradient increases flow separation. Furthermore, introducing the lower wall increases
separation as observed from the comparison of Fig. 5.13(a) and Fig. 5.13(b). Increase in separation is caused due to
the converging nozzle effect between the lower surface of the airfoil and the lower wall. The converging flow increases
velocity on the lower surface of the airfoil leading to higher flow acceleration between the gaps of the multielement
airfoil system. The increase in flow acceleration leads to a higher off-the-surface flow reversal downstream of the
multielement airfoil, as seen in Fig. 5.13(b).
(a) One wall (b) Two walls
(c) No walls
Figure 5.13: U/Uinf contour plots at α = 16.258 deg.
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Chapter 6
Well-Separated Multielement Airfoil
System
The well-separated multielement airfoil system, shown in Fig. 6.1, is a four-element airfoil consisting of a main
element, two flap elements, and a strut element that is primarily used as a supporting element in the I-beam structure
of the root section of the wind turbine. A system chord of unity was defined for the baseline configuration using the
main element and the two flap elements. Once the flap deflections were defined, the trailing edge of the final flap was
set on the system chord line of y = 0 and the leading edge of the system was defined as the point furthest away from
the trailing edge and was set at the origin, as shown in Fig. 6.2. The system angle of attack was defined as the angle of
attack between the freestream velocity and the system chord line. Similar to the closely-coupled configurations, two
coordinate systems were used to define the airfoil configurations of the well separated multielement airfoil system.
The absolute coordinate system is provided for easy replication of the configurations simulated while the relative
coordinate system defines the airfoil system by parameters which govern the flow.
0 0.2 0.4 0.6 0.8 1
-0.3
-0.25
-0.2
-0.15
-0.1
Figure 6.1: Well-separated multielement airfoil system.
A schematic of the absolute coordinate system is shown in Fig. 6.2. The location in space for each element is
constrained by xle,n and yle,n. The deflection of the main element (δ1 ) was defined to be zero. The deflections of the
flaps and strut (δ2 ,δ3 , and δ4) were defined from the chord line of each element to the chord line of the main element.
A schematic of the relative coordinate system is shown in Fig 6.3. The deflection of the main element (δ1) was
taken as zero. The location of the flaps was constrained by gap size and overhang distance and the strut was defined
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Figure 6.2: Absolute coordinates for well-separated multielement airfoil system.
Figure 6.3: Relative coordinates for well-separated multielement airfoil system.
by the location of the leading edge of the strut and a deflection angle relative to the main element. Further details of
the absolute and relative coordinate systems can be found in Chapter 4.
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Table 6.1: Summary of Boundary Layer Grids on Individual Elements of the Well-Separated System
Element No. of y No. of viscous
surface nodes (for Re=1×106) boundary layers
Main 7,008 1.56×10−5 52
Flap 1 2,110 4.70×10−6 73
Flap 2 1,803 4.00×10−6 75
Strut 4,744 1.06×10−5 55
(a) Computational domain (b) Grids around the airfoil (c) Grids between the gaps
Figure 6.4: Grids for the well-separated configurations.
6.1 Solution Development
Grid parameters for all well-separated multielement airfoil configurations were set based on the results obtained from
the grid validation process detailed in Section 4.2. Zonal hybrid grids were generated in the computational domain
with larger cell concentration at the leading and trailing edges of each element, in the wake of the multielement airfoil
system, and between the gaps of the elements, as shown in Fig 6.4. Summary of the boundary layer grids on each
element is given in Table 6.1. The total number of structured cells in the boundary layer was 1,261,978 and the total
number of cells in the computational domain was 2,373,417. All solutions were computed using the pressure-based
solver by applying the Langtry-Menter four-equation SST Transition model transport equations at the nodes of the
grid elements. The flow initialization for the first angle of attack of each well-separated configuration took 80 hours
and 95,000 iterations before solution convergence. Each remaining angle of attack for a configuration was computed
in 25 hours and 20,000 iterations.
6.2 Results and Discussion
All configurations of the well-separated system were computed at Re = 0.975×106 (based on csys) and a freestream
temperature of 300 K (80.33 ◦F). The objective of the simulations for the well-separated multielement airfoil system
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was to analyze the effect of varying gap and overhang on the aerodynamics of the airfoil. For this purpose, 11
configurations including the baseline configuration (WS-1) of the well-separated multielement airfoil system were
tested. Six configurations had constant flap gap of 3% and varying flap overhang and the remaining four configurations
had constant flap overhangs of 1.5% and varying flap gaps. Flap deflections and strut position were kept constant for
all configurations. Table 6.2 summarizes the well-separated airfoil configurations simulated in this study. Numerical
solutions for each configuration have been computed for angles of attack within the linear region of the lift curve slope
prior stall. Post processing of all solutions was done using a script-based automated process.
Table 6.2: Details of Well-Separated Configurations Simulated (Relative Coordinates)
Config- Gap2 Overhang2 δrel,2 Gap3 Overhang3 δrel,3 xLE,strut yLE,strut δstrut
uration (%csys) (%csys) (deg) (%csys) (%csys) (deg) (%csys) (%csys) (deg)
WS-1 0.03028 0.02168 17.15 0.03031 -0.00816 8.74 0.17155 -0.26819 -6.50
WS-3 0.03000 -0.00500 17.14 0.03000 -0.00500 13.00 0.17148 -0.26762 -6.50
WS-5 0.03000 0.00000 17.14 0.03000 0.00000 13.00 0.17148 -0.26762 -6.50
WS-7 0.03000 0.00500 17.14 0.03000 0.00500 13.00 0.17148 -0.26762 -6.50
WS-9 0.03000 0.01000 17.14 0.03000 0.01000 13.00 0.17148 -0.26762 -6.50
WS-11 0.03000 0.01500 17.14 0.03000 0.01500 13.00 0.17148 -0.26762 -6.50
WS-12 0.02500 0.01500 17.14 0.02500 0.01500 13.00 0.17148 -0.26762 -6.50
WS-13 0.03000 0.02000 17.14 0.03000 0.02000 13.00 0.17148 -0.26762 -6.50
WS-32 0.01000 0.01500 17.14 0.01000 0.01500 13.00 0.17148 -0.26762 -6.50
WS-33 0.01500 0.01500 17.14 0.01500 0.01500 13.00 0.17148 -0.26762 -6.50
WS-34 0.02000 0.01500 17.14 0.02000 0.01500 13.00 0.17148 -0.26762 -6.50
In Section 6.2.1, lift and drag polars for each configuration are plotted and cross comparison plots of Cl and Cd
between various configurations are analyzed. Section 6.2.2 focuses on analyzing the effect of the strut on the lift of
the well-separated multielement airfoil system. In Section 6.2.3, U/U∞ contour plots are studied to visualize the flow
fields and analyze the effect of changing gaps and overhangs on the flow. Flowfield contours for all simulations of the
well-separated configurations are presented in Appendix E.
6.2.1 Lift and Drag Characteristics
Lift and drag polars for the 11 simulated configurations of the well-separated multielement airfoil system at Re =
0.975×106 are plotted in Figs. 6.5 - 6.15.
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Figure 6.5: Aerodynamic coefficient plots for WS-1 at Re = 0.975×106.
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Figure 6.6: Aerodynamic coefficient plots for WS-3 at Re = 0.975×106.
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Figure 6.7: Aerodynamic coefficient plots for WS-5 at Re = 0.975×106.
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Figure 6.8: Aerodynamic coefficient plots for WS-7 at Re = 0.975×106.
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Figure 6.9: Aerodynamic coefficient plots for WS-9 at Re = 0.975×106.
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Figure 6.10: Aerodynamic coefficient plots for WS-11 at Re = 0.975×106.
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Figure 6.11: Aerodynamic coefficient plots for WS-12 at Re = 0.975×106.
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Figure 6.12: Aerodynamic coefficient plots for WS-13 at Re = 0.975×106.
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Figure 6.13: Aerodynamic coefficient plots for WS-32 at Re = 0.975×106.
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Figure 6.14: Aerodynamic coefficient plots for WS-33 at Re = 0.975×106.
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Figure 6.15: Aerodynamic coefficient plots for WS-34 at Re = 0.975×106.
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The drag polar of the baseline configuration, plotted in Fig. 6.5, shows a decrease in Cd at an α = 6 deg. It can be
observed from Table 6.2 that the strut is at a negative angle of attack relative to the system chord. Hence, the sudden
decrease in Cd can be attributed to the attachment of flow on the strut at α = 6 deg. As the strut deflection remains
constant for all simulated configurations, the flow attachment on the strut occurs at α = 6 deg consistently.
The effect of changing gap sizes and overhang distances is analyzed in detail in the following section. The flap
deflections and the strut position were held constant for all configurations tested. The gap sizes and overhang distances
were kept equal for both flaps for all configurations.
Effect of Changing Gap
As discussed in Section 4.3.1, gap size has a significant effect on the aerodynamics of the multielement airfoil system.
Figure 6.16 shows the comparison plots of Cl and Cd for constant overhang and varying flap gap. Variation of Cl, Cd
and Cl/Cd at a particular angle of attack for varying flap gap is also plotted in Fig. 6.17.
Typically, an increase in the gap size decreases the flow acceleration between the gap of the elements thereby
reducing flow separation. However, it can be observed from Fig. 6.16 and Fig. 6.17 that the variation of Cl is not
linear as the gap size is increased. The unsteadiness may be driven by interacting boundary layers and wakes. It can
be concluded from Fig. 6.17(c) that a gap size of 0.01 is best suited for the well-separated multielement airfoil system
as the aerodynamic efficiency is highest for this gap size. Conclusions agree well with experiments conducted by
Coiro, et al. who showed that a gap size of 0.013 was best suited for good aerodynamic performance [23].
(a) Cl vs. α (b) Cd vs. α
Figure 6.16: Cross comparison plots for varying flap gaps at Re = 0.975×106.
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(a) Effect of gap size on Cl (b) Effect of gap size on Cd
(c) Effect of gap size on aerodynamic efficiency
Figure 6.17: Constant overhang distance of 0.015 at α = 6 deg.
Effect of Changing Overhang
Figure 6.18 shows the comparison plots of Cl and Cd for configurations with constant flap gap and varying overhang
distances. The Cl, Cd, and aerodynamic efficiency (Cl/Cd) plots at a particular angle of attack have also been plotted
in Fig. 6.19.
Limited literature exists on aerodynamic performance variation with changing overhang. Studies by Lin and
Doniki showed that if the overhang is highly negative, the flow will not be accelerated around the leading edge of the
flap, thereby reducing the amount of lift being generated [24]. Lin, et al. concluded that the best negative overhang
distance is approximately −0.0025. Effects of positive overhang was studied by Coiro, et al. who observed that a
highly positive overhang will accelerate the flow over the lower surface of the previous element and cause a decrease
in lift of the previous element [23]. Results by Coiro, et al. indicated that the best overhang distance was between 0.02
to 0.03.
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(a) Cl vs. α (b) Cd vs. α
Figure 6.18: Cross comparison plots for varying flap overhangs at Re = 0.975×106.
(a) Effect of overhang distance on Cl (b) Effect of overhang distance on Cd
(c) Effect of overhang distance on aerodynamic efficiency
Figure 6.19: Constant gap size of 0.030 at α = 6 deg.
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Computational results, as seen in Fig. 6.19(c), show that the best performance is achieved at a negative overhang
distance of−0.005 and a positive overhang distance of 0.002. These results are in good agreement with the experimental
data obtained by Lin, et al. for a negative overhang distance and Coiro, et al. for a positive overhang distance [24, 23].
6.2.2 Strut Effect
The effect of the strut on the lift of the well-separated multielement airfoil system was studied by simulating the
baseline configuration of the well-separated multielement airfoil system without the strut. The resulting Cl data was
compared with the Cl data of the system with the strut, as shown in Fig. 6.20. Figure 6.21 shows the pressure
distribution plots of the well-separated system at a particular angle of attack with and without the strut element to
better visualize the contribution of the strut to the lift of the multielement airfoil system.
It can be observed from Fig. 6.20 that the lift curve slope for the well-separated multielement airfoil system is
greater than 2pi, which is greater than the theoretical maximum for the lift curve slope according to the thin airfoil
theory. Studies by Smith have shown that the increase in the lift curve slope is due to the circulation effect caused by
the obstruction on the circulation of the top elements of the well-separated airfoil system by the strut element [3]. The
presence of the strut introduces a vortex circulation and effectively increases the angle of attack of the system. As the
Kutta condition needs to be met, the circulation increases thereby increasing the net lift being produced by the system.
Figure 6.20: Lift curve slope of WS-1 with and without strut element at Re = 0.975×106.
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(a) Cp distribution for WS-1 with strut (b) Cp distribution of WS-1 without strut
Figure 6.21: Cp distribution comparison at α = 9.104 deg.
Further observation of Fig 6.20 also indicates that if the system chord includes all the elements of the multielement
system, the flow sees the multielement airfoil system as one single highly cambered airfoil which will have a lift curve
slope with a theoretical maximum of 2pi. As only the main and two flap elements are included in the system chord
of the well-separated multielement airfoil system, addition of the strut extends the chord length of the system thereby
increasing the total lift. Typically, lift curve slopes of airfoils in ‘cascade’, similar to the well-separated multielement
airfoil system, can be greater than 2pi.
6.3 Flow Visualization
Figure 6.22 compares U/U∞ contours for the configurations with constant flap gap and varying overhang distances at
α = 6 deg. As flap overhang is changed, there is little or negligible change in the downstream wake characteristics of
the well-separated multielement airfoil system.
Change in gap size has a greater effect on the wake aerodynamics, as seen from Fig. 6.23. For small gap sizes,
there is higher flow acceleration between the gaps, which leads to an increase in the adverse pressure gradients causing
flow separation and leading to wake bursting, as in the case of WS-32 [Fig. 6.23(a)]. As flap gap is increased, flow
separation decreases as there is lesser flow acceleration between the gaps. However, an increase in gap size leads to a
decrease in aerodynamic efficiency [as seen in Fig 6.17(a)], due to the decrease in the momentum being imparted to
the boundary layer on the upper surface of the flaps by the flow from between the flap gap. The decrease in momentum
causes the lift contribution by the flap elements to drop leading to an overall drop in efficiency for the multielement
airfoil system.
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(a) WS-3 (zo2/c = -0.005, zo3/c = -0.005) (b) WS-7 (zo2/c = 0.005, zo3/c = 0.005)
(c) WS-9 (zo2/c = 0.010, zo3/c = 0.010) (d) WS-11 (zo2/c = 0.015, zo3/c = 0.015)
Figure 6.22: U/U∞ plots for constant gap and varying overhang at α = 6 deg.
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(a) WS-32 (zg2/c = 0.010, zg3/c = 0.010) (b) WS-33 (zg2/c = 0.015, zg3/c = 0.015)
(c) WS-34 (zg2/c = 0.020, zg3/c = 0.020) (d) WS-12 (zg2/c = 0.025, zg3/c = 0.025)
Figure 6.23: U/U∞ plots for constant overhang and varying gap at α = 6 deg.
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Chapter 7
Conclusions
Two multielement airfoil systems designed as a replacement for a thick single-element airfoil in the root section of
mega-watt scale wind turbines were computationally examined using the commercially available CFD code, ANSYS
FLUENT. Simulations for the three-element closely-coupled multielement airfoil system were focused on analyzing
the effect of flap deflection and gap size on the aerodynamic characteristics of the multielement airfoil. Flow visualizati-
on was successfully used to study the wake-bursting phenomenon of multielement airfoils. The effects of variation in
flap gaps and overhangs were the focus of the computations of the four-element well-separated multielement airfoil
system. The effect of the strut on the overall system performance was also analyzed in detail.
The SST Transition turbulence model was used after the model was successfully validated against the experimental
data of the NLR 7301 supercritical airfoil with flap. Following the turbulence model validation, grid validation
studies were conducted using the baseline configuration of the closely-coupled multielement airfoil system and grid
parameters were fixed for all further computations.
On completion of the data analysis of the simulations of the closely-coupled multielement airfoil system, definite
trends in Cl and Cd were observed across the closely-coupled configurations. The wake bursting phenomenon
downstream of the airfoil was successfully captured by the computational model. Contour plots of U/U∞ were
studied to analyze the wake characteristics downstream of the airfoil. The Cl of the system was highly dependent on
the flap deflection. Increase in flap deflection showed an increase in Cl due to higher flow curvature. Minimal changes
in Cd was observed for variation in flap deflection. Variations in flap gap and overhang had significant effects on the
lift and drag data. Decrease in gap sizes and overhang distances had a negative effect on the aerodynamics of the
airfoil due to increase in wake bursting. The accelerated flow through the flap gaps resulted in higher off-the-surface
flow reversal.
Two-dimensional wind tunnel simulations of the baseline configuration showed that the presence of walls causes
a decrement in the lift of the airfoil. The restriction of the flow curvature on the top an bottom surfaces by the tunnel
walls caused a decrease in overall circulation that led to a decrease in the lift of the multielement airfoil system. The
upper wall had a higher effect on the lift decrement of the airfoil system as compared to the lower wall.
Data analysis of the simulated configurations of the well-separated multielement airfoil system showed that for
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cases with constant overhang distance and varying flap gap, a decrease in flap gap increased the lift of the multielement
airfoil system. Results indicated that the highest lift is obtained for a gap size of 1% system chord. Drag was found to
be minimum at a flap gap of 1% system chord and steadily increased as the flap gap was increased beyond 2% system
chord. An abrupt jump in drag was observed at a flap gap of 1.5% system chord. For cases with constant flap gap and
varying overhang, lift increased with increase in positive overhang distance. Drag value had two minimum points for
varying overhang distance: −0.5% system chord and 2% system chord. Overall, a maximum aerodynamic efficiency
was obtained at a gap size of 1% system chord and overhang distance of 1.5% system chord for the well-separated
multielement airfoil system. Studies on the effect of the strut element revealed that the strut contributed to the lift of
the multielement airfoil system thereby increasing the lift curve slope to a value above 2pi.
In conclusion, the maximum lift generated by the closely-coupled multielement airfoil system is greater than that
of the well-separated multielement airfoil system by 40%. However, due to severe off-the-surface flow reversal, the
average drag of the closely-coupled multielement airfoil system exceeds that of the well-separated system by 35%.
Changes in flap gap, overhang, and deflection relative to the previous element can increase the aerodynamic efficiency
of the multielement airfoil system. However, one best location of the flaps cannot be fixed due to the complex coupling
of the effects due variation in flap gap, overhang, and deflection.
The effects of varying overhang on the closely-coupled multielement airfoil system is still not fully understood.
Future research in this area should focus on the effects of variation in flap deflection and location of strut on the
aerodynamic performance of the well-separated multielement airfoil system. Additional work on flow predictions
downstream of the multielement airfoil system can give a better understanding of the complex flow fields in that
region. Experimental methods can be used to visualize off-the-surface flow reversal downstream of the multielement
airfoil system and the results can be compared with the data obtained from this research.
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Appendix A
Tabulated Airfoil Coordinates
Appendix A contains the unit chord coordinates for each element of the of the closely-coupled and well-separated
multielement airfoil system.
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MFF-089
Main Element
x/c y/c
1.000000 0.000700
0.976270 0.013480
0.945360 0.030060
0.913610 0.046620
0.880280 0.062930
0.840660 0.081400
0.795830 0.102000
0.749720 0.122940
0.704880 0.142980
0.663110 0.161170
0.624120 0.177590
0.588480 0.192030
0.555950 0.204500
0.525500 0.215440
0.497140 0.225010
0.470940 0.233190
0.446590 0.240180
0.424140 0.246010
0.403200 0.250850
0.383740 0.254830
0.365670 0.257950
0.348610 0.260360
0.332670 0.262220
0.317810 0.263420
0.303740 0.264050
0.290360 0.264110
0.277500 0.263560
0.264950 0.262460
0.252670 0.260840
0.240540 0.258710
0.228560 0.256170
0.216750 0.253210
0.205170 0.249860
0.193810 0.246030
0.182560 0.241840
0.171600 0.237320
0.160890 0.232400
0.150440 0.227150
0.140310 0.221560
0.130400 0.215590
0.120810 0.209430
0.111590 0.202920
0.102660 0.196200
0.094130 0.189210
0.085950 0.181980
0.078130 0.174520
0.070640 0.166890
0.063560 0.159100
0.056810 0.151170
0.050530 0.143150
0.044630 0.134920
0.039050 0.126690
0.033930 0.118360
0.029170 0.109960
0.024780 0.101540
0.020780 0.093130
0.017150 0.084720
0.013880 0.076380
0.011050 0.068050
0.008510 0.059770
0.006320 0.051600
0.004510 0.043510
0.003000 0.035520
0.001800 0.027670
0.000950 0.019950
0.000370 0.012360
0.000030 0.004940
0.000010 -0.002330
0.000240 -0.009530
0.000730 -0.016660
0.001480 -0.023700
0.002520 -0.030640
0.003820 -0.037480
0.005380 -0.044200
0.007160 -0.050810
0.009190 -0.057260
0.011570 -0.063540
0.014190 -0.069690
0.017130 -0.075670
0.020400 -0.081490
0.024050 -0.087120
0.028100 -0.092590
0.032500 -0.097960
0.037270 -0.103200
0.042430 -0.108370
0.047920 -0.113450
0.053860 -0.118460
0.060100 -0.123450
0.066830 -0.128270
0.073930 -0.133120
0.081470 -0.137800
0.089540 -0.142360
0.098080 -0.146860
0.107120 -0.151240
0.116690 -0.155470
0.126810 -0.159520
0.137560 -0.163390
0.148900 -0.167080
0.160860 -0.170520
0.173530 -0.173680
0.186940 -0.176570
0.201070 -0.179180
0.215970 -0.181410
0.231670 -0.183310
0.248050 -0.184740
0.265350 -0.185660
0.283560 -0.186090
0.302740 -0.185970
0.322750 -0.185290
0.343700 -0.183910
0.365820 -0.181810
0.389000 -0.178990
0.413250 -0.175340
0.438910 -0.170770
0.465880 -0.165310
0.494080 -0.158840
0.524130 -0.151220
0.555580 -0.142500
0.589460 -0.132290
0.626200 -0.120540
0.665080 -0.107440
0.707690 -0.092380
0.753310 -0.076060
0.796460 -0.060840
0.835310 -0.047480
0.868560 -0.036350
0.896570 -0.026710
0.921080 -0.017990
0.941870 -0.011080
0.960770 -0.005920
0.979970 -0.002330
1.000000 -0.000700
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MFF-089
Flap One
x/c y/c
1.000000 0.002860
0.987020 0.007310
0.971290 0.012870
0.954180 0.018260
0.934620 0.023840
0.912660 0.029810
0.888220 0.036200
0.861530 0.042970
0.832970 0.050010
0.802970 0.057230
0.771950 0.064530
0.740220 0.071850
0.708050 0.079140
0.675630 0.086360
0.643110 0.093470
0.610670 0.100450
0.578460 0.107240
0.546670 0.113800
0.515550 0.120080
0.485370 0.125980
0.456420 0.131450
0.429010 0.136380
0.403350 0.140690
0.379360 0.144300
0.356770 0.147220
0.335320 0.149480
0.314880 0.151120
0.295380 0.152180
0.276770 0.152690
0.259000 0.152650
0.242020 0.152110
0.225790 0.151080
0.210290 0.149590
0.195500 0.147690
0.181400 0.145400
0.168000 0.142750
0.155270 0.139770
0.143210 0.136490
0.131790 0.132930
0.121000 0.129130
0.110810 0.125120
0.101220 0.120920
0.092200 0.116570
0.083740 0.112080
0.075820 0.107490
0.068420 0.102800
0.061510 0.098040
0.055090 0.093230
0.049120 0.088380
0.043580 0.083520
0.038470 0.078640
0.033740 0.073770
0.029400 0.068920
0.025420 0.064090
0.021790 0.059290
0.018480 0.054540
0.015490 0.049830
0.012810 0.045170
0.010410 0.040560
0.008280 0.036020
0.006420 0.031540
0.004820 0.027140
0.003460 0.022800
0.002330 0.018540
0.001440 0.014360
0.000760 0.010270
0.000300 0.006250
0.000050 0.002330
0.000020 -0.001510
0.000200 -0.005310
0.000600 -0.009090
0.001210 -0.012830
0.002060 -0.016510
0.003200 -0.020110
0.004690 -0.023590
0.006580 -0.026900
0.008890 -0.029980
0.011660 -0.032770
0.014830 -0.035260
0.018350 -0.037530
0.022150 -0.039640
0.026230 -0.041640
0.030610 -0.043520
0.035290 -0.045290
0.040300 -0.046970
0.045680 -0.048560
0.051450 -0.050070
0.057650 -0.051500
0.064350 -0.052840
0.071600 -0.054080
0.079480 -0.055230
0.088070 -0.056270
0.097480 -0.057190
0.107820 -0.057970
0.119220 -0.058580
0.131840 -0.059010
0.145810 -0.059200
0.161280 -0.059120
0.178360 -0.058720
0.197130 -0.057930
0.217580 -0.056740
0.239630 -0.055090
0.263070 -0.052990
0.287640 -0.050440
0.312890 -0.047490
0.338470 -0.044030
0.364880 -0.039900
0.392730 -0.035140
0.421590 -0.030130
0.450850 -0.025250
0.480200 -0.020610
0.509440 -0.016300
0.538590 -0.012320
0.567670 -0.008690
0.596680 -0.005400
0.625640 -0.002460
0.654540 0.000150
0.683340 0.002410
0.711980 0.004320
0.740370 0.005880
0.768390 0.007090
0.795870 0.007940
0.822610 0.008440
0.848370 0.008580
0.872890 0.008380
0.895950 0.007840
0.917390 0.007000
0.937130 0.005860
0.955250 0.004410
0.971850 0.002600
0.987190 0.000140
1.000000 -0.002860
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MFF-089
Flap Two
x/c y/c
1.000000 0.003330
0.986360 0.006300
0.969320 0.010450
0.950060 0.014920
0.927730 0.019890
0.902490 0.025510
0.874790 0.031680
0.845200 0.038320
0.814330 0.045270
0.782700 0.052400
0.750780 0.059590
0.718910 0.066740
0.687320 0.073770
0.656140 0.080620
0.625490 0.087240
0.595490 0.093580
0.566230 0.099590
0.537820 0.105210
0.510390 0.110380
0.483930 0.115040
0.458310 0.119160
0.433350 0.122760
0.408990 0.125860
0.385290 0.128470
0.362270 0.130580
0.339950 0.132170
0.318340 0.133250
0.297450 0.133840
0.277330 0.133950
0.258010 0.133590
0.239540 0.132790
0.221930 0.131570
0.205210 0.129950
0.189360 0.127970
0.174400 0.125660
0.160320 0.123060
0.147110 0.120210
0.134740 0.117150
0.123190 0.113900
0.112430 0.110490
0.102400 0.106950
0.093080 0.103300
0.084410 0.099560
0.076350 0.095750
0.068870 0.091890
0.061940 0.087970
0.055510 0.084020
0.049550 0.080030
0.044050 0.075990
0.038970 0.071920
0.034280 0.067820
0.029980 0.063690
0.026020 0.059550
0.022400 0.055400
0.019100 0.051240
0.016090 0.047090
0.013380 0.042960
0.010950 0.038840
0.008790 0.034750
0.006880 0.030690
0.005230 0.026660
0.003820 0.022670
0.002640 0.018730
0.001690 0.014840
0.000950 0.011020
0.000430 0.007250
0.000120 0.003550
0.000010 -0.000070
0.000100 -0.003650
0.000410 -0.007250
0.000950 -0.010840
0.001710 -0.014410
0.002750 -0.017950
0.004140 -0.021390
0.005940 -0.024710
0.008170 -0.027840
0.010770 -0.030810
0.013730 -0.033600
0.017030 -0.036240
0.020620 -0.038780
0.024490 -0.041260
0.028650 -0.043690
0.033120 -0.046060
0.037920 -0.048360
0.043090 -0.050610
0.048650 -0.052820
0.054640 -0.054970
0.061100 -0.057090
0.068080 -0.059160
0.075650 -0.061180
0.083870 -0.063140
0.092810 -0.065040
0.102550 -0.066860
0.113180 -0.068570
0.124800 -0.070160
0.137480 -0.071590
0.151320 -0.072830
0.166350 -0.073840
0.182610 -0.074580
0.200060 -0.075010
0.218630 -0.075070
0.238210 -0.074730
0.258640 -0.073970
0.279780 -0.072740
0.301460 -0.071030
0.323660 -0.068700
0.346960 -0.065610
0.372060 -0.061770
0.399350 -0.057340
0.428430 -0.052600
0.458370 -0.047770
0.488570 -0.043020
0.518780 -0.038420
0.548900 -0.034020
0.578890 -0.029840
0.608740 -0.025890
0.638430 -0.022190
0.667960 -0.018730
0.697280 -0.015530
0.726350 -0.012600
0.755070 -0.009940
0.783350 -0.007580
0.811010 -0.005530
0.837860 -0.003800
0.863660 -0.002410
0.888180 -0.001380
0.911180 -0.000700
0.932510 -0.000380
0.952110 -0.000420
0.970090 -0.000840
0.986520 -0.001800
1.000000 -0.003330
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MFFS-026
Main Element
x/c y/c
1.000000 0.000900
0.987440 0.006170
0.971590 0.012310
0.953620 0.018530
0.932990 0.025550
0.909780 0.033400
0.884270 0.042010
0.857070 0.051140
0.828750 0.060700
0.799600 0.070460
0.769720 0.080370
0.739780 0.090230
0.709900 0.099950
0.680680 0.109300
0.651920 0.118250
0.623760 0.126790
0.596470 0.134750
0.569660 0.142180
0.543640 0.149140
0.518770 0.155340
0.494600 0.160970
0.471620 0.165860
0.449430 0.170040
0.428190 0.173450
0.407280 0.176060
0.386650 0.178070
0.366270 0.179450
0.346240 0.180300
0.326600 0.180470
0.307210 0.180100
0.288320 0.179210
0.269890 0.177720
0.251890 0.175750
0.234580 0.173300
0.217820 0.170360
0.201760 0.166980
0.186320 0.163130
0.171550 0.158940
0.157510 0.154410
0.144170 0.149570
0.131590 0.144520
0.119770 0.139260
0.108710 0.133840
0.098390 0.128220
0.088730 0.122580
0.079820 0.116880
0.071580 0.111090
0.063930 0.105360
0.056900 0.099670
0.050460 0.094020
0.044560 0.088450
0.039190 0.082940
0.034280 0.077530
0.029810 0.072250
0.025790 0.067040
0.022160 0.061930
0.018830 0.056980
0.015850 0.052150
0.013230 0.047410
0.010930 0.042770
0.008780 0.038300
0.006990 0.033900
0.005430 0.029570
0.004010 0.025350
0.002870 0.021190
0.001910 0.017110
0.001170 0.013120
0.000630 0.009220
0.000230 0.005410
0.000010 0.001710
0.000020 -0.001920
0.000230 -0.005540
0.000580 -0.009170
0.001220 -0.012770
0.002050 -0.016350
0.003130 -0.019870
0.004520 -0.023310
0.006170 -0.026650
0.008250 -0.029770
0.010830 -0.032570
0.013820 -0.035050
0.017270 -0.037080
0.021040 -0.038830
0.025110 -0.040320
0.029470 -0.041580
0.034120 -0.042680
0.039080 -0.043620
0.044380 -0.044410
0.050050 -0.045050
0.056160 -0.045520
0.062730 -0.045880
0.069850 -0.046020
0.077600 -0.045990
0.086090 -0.045760
0.095450 -0.045330
0.105800 -0.044610
0.117390 -0.043560
0.130440 -0.042190
0.145190 -0.040400
0.162010 -0.038100
0.181240 -0.035240
0.203200 -0.031800
0.227950 -0.027810
0.255020 -0.023440
0.283480 -0.018910
0.312570 -0.014440
0.342050 -0.010090
0.371240 -0.005990
0.400200 -0.002220
0.428770 0.001200
0.457090 0.004160
0.485720 0.006740
0.514560 0.009090
0.543170 0.011090
0.571950 0.012700
0.601130 0.014020
0.630280 0.015090
0.659520 0.015840
0.688590 0.016300
0.717800 0.016390
0.746990 0.016300
0.775600 0.015880
0.804020 0.015150
0.831860 0.014170
0.858810 0.012960
0.884410 0.011500
0.908690 0.009820
0.931040 0.008020
0.951530 0.005990
0.970130 0.003910
0.986770 0.001580
1.000000 -0.000900
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MFFS-026
Flap One
x/c y/c
1.000000 0.002860
0.987020 0.007310
0.971290 0.012870
0.954180 0.018260
0.934620 0.023840
0.912660 0.029810
0.888220 0.036200
0.861530 0.042970
0.832970 0.050010
0.802970 0.057230
0.771950 0.064530
0.740220 0.071850
0.708050 0.079140
0.675630 0.086360
0.643110 0.093470
0.610670 0.100450
0.578460 0.107240
0.546670 0.113800
0.515550 0.120080
0.485370 0.125980
0.456420 0.131450
0.429010 0.136380
0.403350 0.140690
0.379360 0.144300
0.356770 0.147220
0.335320 0.149480
0.314880 0.151120
0.295380 0.152180
0.276770 0.152690
0.259000 0.152650
0.242020 0.152110
0.225790 0.151080
0.210290 0.149590
0.195500 0.147690
0.181400 0.145400
0.168000 0.142750
0.155270 0.139770
0.143210 0.136490
0.131790 0.132930
0.121000 0.129130
0.110810 0.125120
0.101220 0.120920
0.092200 0.116570
0.083740 0.112080
0.075820 0.107490
0.068420 0.102800
0.061510 0.098040
0.055090 0.093230
0.049120 0.088380
0.043580 0.083520
0.038470 0.078640
0.033740 0.073770
0.029400 0.068920
0.025420 0.064090
0.021790 0.059290
0.018480 0.054540
0.015490 0.049830
0.012810 0.045170
0.010410 0.040560
0.008280 0.036020
0.006420 0.031540
0.004820 0.027140
0.003460 0.022800
0.002330 0.018540
0.001440 0.014360
0.000760 0.010270
0.000300 0.006250
0.000050 0.002330
0.000020 -0.001510
0.000200 -0.005310
0.000600 -0.009090
0.001210 -0.012830
0.002060 -0.016510
0.003200 -0.020110
0.004690 -0.023590
0.006580 -0.026900
0.008890 -0.029980
0.011660 -0.032770
0.014830 -0.035260
0.018350 -0.037530
0.022150 -0.039640
0.026230 -0.041640
0.030610 -0.043520
0.035290 -0.045290
0.040300 -0.046970
0.045680 -0.048560
0.051450 -0.050070
0.057650 -0.051500
0.064350 -0.052840
0.071600 -0.054080
0.079480 -0.055230
0.088070 -0.056270
0.097480 -0.057190
0.107820 -0.057970
0.119220 -0.058580
0.131840 -0.059010
0.145810 -0.059200
0.161280 -0.059120
0.178360 -0.058720
0.197130 -0.057930
0.217580 -0.056740
0.239630 -0.055090
0.263070 -0.052990
0.287640 -0.050440
0.312890 -0.047490
0.338470 -0.044030
0.364880 -0.039900
0.392730 -0.035140
0.421590 -0.030130
0.450850 -0.025250
0.480200 -0.020610
0.509440 -0.016300
0.538590 -0.012320
0.567670 -0.008690
0.596680 -0.005400
0.625640 -0.002460
0.654540 0.000150
0.683340 0.002410
0.711980 0.004320
0.740370 0.005880
0.768390 0.007090
0.795870 0.007940
0.822610 0.008440
0.848370 0.008580
0.872890 0.008380
0.895950 0.007840
0.917390 0.007000
0.937130 0.005860
0.955250 0.004410
0.971850 0.002600
0.987190 0.000140
1.000000 -0.002860
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MFFS-026
Flap Two
x/c y/c
1.000000 0.003330
0.986360 0.006300
0.969320 0.010450
0.950060 0.014920
0.927730 0.019890
0.902490 0.025510
0.874790 0.031680
0.845200 0.038320
0.814330 0.045270
0.782700 0.052400
0.750780 0.059590
0.718910 0.066740
0.687320 0.073770
0.656140 0.080620
0.625490 0.087240
0.595490 0.093580
0.566230 0.099590
0.537820 0.105210
0.510390 0.110380
0.483930 0.115040
0.458310 0.119160
0.433350 0.122760
0.408990 0.125860
0.385290 0.128470
0.362270 0.130580
0.339950 0.132170
0.318340 0.133250
0.297450 0.133840
0.277330 0.133950
0.258010 0.133590
0.239540 0.132790
0.221930 0.131570
0.205210 0.129950
0.189360 0.127970
0.174400 0.125660
0.160320 0.123060
0.147110 0.120210
0.134740 0.117150
0.123190 0.113900
0.112430 0.110490
0.102400 0.106950
0.093080 0.103300
0.084410 0.099560
0.076350 0.095750
0.068870 0.091890
0.061940 0.087970
0.055510 0.084020
0.049550 0.080030
0.044050 0.075990
0.038970 0.071920
0.034280 0.067820
0.029980 0.063690
0.026020 0.059550
0.022400 0.055400
0.019100 0.051240
0.016090 0.047090
0.013380 0.042960
0.010950 0.038840
0.008790 0.034750
0.006880 0.030690
0.005230 0.026660
0.003820 0.022670
0.002640 0.018730
0.001690 0.014840
0.000950 0.011020
0.000430 0.007250
0.000120 0.003550
0.000010 -0.000070
0.000100 -0.003650
0.000410 -0.007250
0.000950 -0.010840
0.001710 -0.014410
0.002750 -0.017950
0.004140 -0.021390
0.005940 -0.024710
0.008170 -0.027840
0.010770 -0.030810
0.013730 -0.033600
0.017030 -0.036240
0.020620 -0.038780
0.024490 -0.041260
0.028650 -0.043690
0.033120 -0.046060
0.037920 -0.048360
0.043090 -0.050610
0.048650 -0.052820
0.054640 -0.054970
0.061100 -0.057090
0.068080 -0.059160
0.075650 -0.061180
0.083870 -0.063140
0.092810 -0.065040
0.102550 -0.066860
0.113180 -0.068570
0.124800 -0.070160
0.137480 -0.071590
0.151320 -0.072830
0.166350 -0.073840
0.182610 -0.074580
0.200060 -0.075010
0.218630 -0.075070
0.238210 -0.074730
0.258640 -0.073970
0.279780 -0.072740
0.301460 -0.071030
0.323660 -0.068700
0.346960 -0.065610
0.372060 -0.061770
0.399350 -0.057340
0.428430 -0.052600
0.458370 -0.047770
0.488570 -0.043020
0.518780 -0.038420
0.548900 -0.034020
0.578890 -0.029840
0.608740 -0.025890
0.638430 -0.022190
0.667960 -0.018730
0.697280 -0.015530
0.726350 -0.012600
0.755070 -0.009940
0.783350 -0.007580
0.811010 -0.005530
0.837860 -0.003800
0.863660 -0.002410
0.888180 -0.001380
0.911180 -0.000700
0.932510 -0.000380
0.952110 -0.000420
0.970090 -0.000840
0.986520 -0.001800
1.000000 -0.003330
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MFFS-026
Strut
x/c y/c
1.000000 0.001300
0.986370 0.006010
0.969080 0.011540
0.949560 0.017360
0.927330 0.023890
0.902520 0.031300
0.876000 0.039190
0.848590 0.047450
0.819960 0.056150
0.789970 0.065260
0.758740 0.074810
0.727050 0.084360
0.695140 0.093860
0.664100 0.102990
0.634220 0.111550
0.605510 0.119590
0.578490 0.126800
0.552210 0.133520
0.527580 0.139520
0.504200 0.144830
0.482070 0.149440
0.460760 0.153430
0.440250 0.156870
0.420490 0.159680
0.400990 0.161970
0.381780 0.163860
0.363330 0.165310
0.345360 0.166220
0.327680 0.166710
0.310520 0.166820
0.293950 0.166510
0.277830 0.165800
0.262230 0.164740
0.247200 0.163320
0.232660 0.161540
0.218590 0.159470
0.205140 0.157170
0.192320 0.154570
0.179980 0.151680
0.168140 0.148570
0.156810 0.145240
0.145980 0.141710
0.135630 0.138040
0.125810 0.134220
0.116480 0.130230
0.107590 0.126080
0.099110 0.121820
0.091070 0.117500
0.083470 0.113060
0.076230 0.108560
0.069400 0.104040
0.062970 0.099450
0.056930 0.094790
0.051240 0.090060
0.045870 0.085280
0.040800 0.080500
0.036040 0.075710
0.031650 0.070860
0.027540 0.065950
0.023690 0.061050
0.020120 0.056130
0.016870 0.051160
0.013860 0.046160
0.011100 0.041170
0.008690 0.036110
0.006480 0.031030
0.004640 0.025880
0.003010 0.020690
0.001730 0.015440
0.000800 0.010100
0.000130 0.004690
0.000020 -0.000840
0.000220 -0.006170
0.000900 -0.011000
0.001830 -0.015430
0.003270 -0.019500
0.005040 -0.023240
0.007350 -0.026570
0.010120 -0.029490
0.013320 -0.032000
0.016830 -0.034180
0.020630 -0.036120
0.024670 -0.037890
0.028950 -0.039530
0.033490 -0.041030
0.038300 -0.042460
0.043400 -0.043780
0.048840 -0.045000
0.054640 -0.046150
0.060830 -0.047200
0.067490 -0.048150
0.074670 -0.049040
0.082420 -0.049870
0.090800 -0.050560
0.099960 -0.051110
0.110010 -0.051530
0.121090 -0.051800
0.133350 -0.051900
0.146950 -0.051790
0.162170 -0.051430
0.179070 -0.050830
0.197760 -0.049870
0.218550 -0.048500
0.241490 -0.046740
0.266420 -0.044540
0.293260 -0.041950
0.321300 -0.038990
0.350470 -0.035640
0.380220 -0.031990
0.410520 -0.027990
0.441150 -0.023770
0.471190 -0.019730
0.501190 -0.016000
0.530850 -0.012590
0.560470 -0.009490
0.589710 -0.006720
0.618920 -0.004320
0.648330 -0.002210
0.677910 -0.000420
0.707770 0.001130
0.737370 0.002420
0.766710 0.003360
0.796010 0.004030
0.824580 0.004450
0.852460 0.004520
0.879360 0.004420
0.904350 0.004030
0.927750 0.003440
0.948890 0.002590
0.968490 0.001530
0.985980 0.000270
1.000000 -0.000130
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Appendix B
Test Matrix
Appendix B contains summary of the configurations simulated for both closely-coupled and well-separated multielement
airfoil systems. Coordinates are presented in terms of relative coordinates and absolute coordinates.
76
Table B.1: Closely-Coupled Test Matrix (Relative Coordinates)
Configuration Gap1 Overhang1 δ2 Gap2 Overhang2 δ3
(%csys) (%csys) (deg) (%csys) (%csys) (deg)
CC-1 (baseline) 0.022828 0.014340 21.40 0.020112 0.014740 9.03
CC-11 0.022828 0.014340 21.00 0.020112 0.014740 11.00
CC-15 0.022828 0.014340 23.00 0.020112 0.014740 13.00
CC-40 0.027828 0.006840 23.00 0.027828 0.006840 13.00
CC-53 0.015000 0.010000 23.00 0.015000 0.010000 13.00
Table B.2: Closely-Coupled Test Matrix (Absolute Coordinates)
Configuration xLE,1 yLE,1 δ1 xLE,2 yLE,2 δ2 xLE,3 yLE,3 δ3
(%csys) (%csys) (deg) (%csys) (%csys) (deg) (%csys) (%csys) (deg)
CC-1 0.00436 -0.03677 -13.90 0.69132 0.09754 -7.46 0.85328 0.04393 -16.51
CC-11 0.00436 -0.03677 -36.00 0.69134 0.09739 6.33 0.85360 0.04555 26.39
CC-15 0.00436 -0.03677 -36.00 0.69116 0.09810 8.33 0.85235 0.04130 30.39
CC-40 0.00436 -0.03677 -36.00 0.69924 0.09665 8.33 0.86483 0.03254 30.39
CC-53 0.00436 -0.03677 -36.00 0.69319 0.10797 8.33 0.85861 0.05681 30.39
Table B.3: Well-Separated Test Matrix (Relative Coordinates)
Config- Gap2 Overhang2 δrel,2 Gap3 Overhang3 δrel,3 xLE,strut yLE,strut δstrut
uration (%csys) (%csys) (deg) (%csys) (%csys) (deg) (%csys) (%csys) (deg)
WS-1 0.03028 0.02168 17.15 0.03031 -0.00816 8.74 0.17155 -0.26819 -6.50
WS-3 0.03000 -0.00500 17.14 0.03000 -0.00500 13.00 0.17148 -0.26762 -6.50
WS-5 0.03000 0.00000 17.14 0.03000 0.00000 13.00 0.17148 -0.26762 -6.50
WS-7 0.03000 0.00500 17.14 0.03000 0.00500 13.00 0.17148 -0.26762 -6.50
WS-9 0.03000 0.01000 17.14 0.03000 0.01000 13.00 0.17148 -0.26762 -6.50
WS-11 0.03000 0.01500 17.14 0.03000 0.01500 13.00 0.17148 -0.26762 -6.50
WS-12 0.02500 0.01500 17.14 0.02500 0.01500 13.00 0.17148 -0.26762 -6.50
WS-13 0.03000 0.02000 17.14 0.03000 0.02000 13.00 0.17148 -0.26762 -6.50
WS-32 0.01000 0.01500 17.14 0.01000 0.01500 13.00 0.17148 -0.26762 -6.50
WS-33 0.01500 0.01500 17.14 0.01500 0.01500 13.00 0.17148 -0.26762 -6.50
WS-34 0.02000 0.01500 17.14 0.02000 0.01500 13.00 0.17148 -0.26762 -6.50
77
Ta
bl
e
B
.4
:W
el
l-
Se
pa
ra
te
d
Te
st
M
at
ri
x
(A
bs
ol
ut
e
C
oo
rd
in
at
es
)
C
on
fig
ur
at
io
n
x
L
E
,1
y L
E
,1
δ 1
x
L
E
,2
y L
E
,2
δ 2
x
L
E
,3
y L
E
,3
δ 3
x
L
E
,s
tr
u
t
y L
E
,s
tr
u
t
δ s
tr
u
t
(%
c s
y
s
)
(%
c s
y
s
)
(d
eg
)
(%
c s
y
s
)
(%
c s
y
s
)
(d
eg
)
(%
c s
y
s
)
(%
c s
y
s
)
(d
eg
)
(%
c s
y
s
)
(%
c s
y
s
)
(d
eg
)
W
S-
1
0.
00
12
5
-0
.0
12
44
-1
2.
60
0.
62
88
8
0.
08
91
2
17
.1
5
0.
83
22
0
0.
03
82
8
25
.8
9
0.
17
15
5
-0
.2
68
19
-6
.5
0
W
S-
3
0.
00
12
5
-0
.0
12
44
-1
6.
37
0.
65
29
3
0.
10
33
9
17
.1
9
0.
85
36
8
0.
05
27
9
30
.1
9
0.
17
14
8
-0
.2
67
62
-6
.5
0
W
S-
5
0.
00
12
5
-0
.0
12
44
-1
6.
37
0.
64
86
3
0.
09
98
3
17
.1
9
0.
84
51
3
0.
04
76
4
30
.1
9
0.
17
14
8
-0
.2
67
62
-6
.5
0
W
S-
7
0.
00
12
5
-0
.0
12
44
-1
6.
37
0.
64
42
1
0.
09
67
9
17
.1
9
0.
83
64
9
0.
04
33
8
30
.1
9
0.
17
14
8
-0
.2
67
62
-6
.5
0
W
S-
9
0.
00
12
5
-0
.0
12
44
-1
6.
37
0.
63
96
9
0.
09
41
7
17
.1
9
0.
82
77
7
0.
03
98
4
30
.1
9
0.
17
14
8
-0
.2
67
62
-6
.5
0
W
S-
11
0.
00
12
5
-0
.0
12
44
-1
6.
37
0.
63
50
8
0.
09
19
2
17
.1
9
0.
81
89
8
0.
03
69
7
30
.1
9
0.
17
14
8
-0
.2
67
62
-6
.5
0
W
S-
12
0.
00
12
5
-0
.0
12
44
-1
6.
37
0.
63
39
1
0.
09
69
0
17
.1
9
0.
81
89
8
0.
03
69
7
30
.1
9
0.
17
14
8
-0
.2
67
62
-6
.5
0
W
S-
13
0.
00
12
5
-0
.0
12
44
-1
6.
37
0.
63
04
0
0.
08
99
8
17
.1
9
0.
81
01
3
0.
03
46
2
30
.1
9
0.
17
14
8
-0
.2
67
62
-6
.5
0
W
S-
32
0.
00
12
5
-0
.0
12
44
-1
6.
37
0.
63
04
0
0.
11
18
8
17
.1
9
0.
81
57
3
0.
07
74
0
30
.1
9
0.
17
14
8
-0
.2
67
62
-6
.5
0
W
S-
33
0.
00
12
5
-0
.0
12
44
-1
6.
37
0.
63
15
7
0.
10
68
7
17
.1
9
0.
81
65
4
0.
06
72
3
30
.1
9
0.
17
14
8
-0
.2
67
62
-6
.5
0
W
S-
34
0.
00
12
5
-0
.0
12
44
-1
6.
37
0.
63
27
5
0.
10
18
7
17
.1
9
0.
81
73
6
0.
05
71
1
30
.1
9
0.
17
14
8
-0
.2
67
62
-6
.5
0
78
Appendix C
Closely-Coupled Configurations
Representative Plots
Appendix C contains the following plots for all computed angles of attacks of the closely-coupled multielement airfoil
system configurations:
• Pressure coefficient (Cp) contour plot
• Stagnation Pressure (P0) contour plots
• U/U∞ contour plots
• Mach number contour plots
• Chordwise Cp distribution
79
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.1: MFF-089 CC-1 (α = 9.081 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.2: MFF-089 CC-1 (α = 10.112 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.3: MFF-089 CC-1 (α = 11.149 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.4: MFF-089 CC-1 (α = 13.190 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.5: MFF-089 CC-1 (α = 14.216 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.6: MFF-089 CC-1 (α = 15.234 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.7: MFF-089 CC-1 (α = 16.258 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.8: MFF-089 CC-1 (α = 17.266 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.9: MFF-089 CC-1 (α = 18.274 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.10: MFF-089 CC-11 (α = 9.085 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.11: MFF-089 CC-11 (α = 10.117 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.12: MFF-089 CC-11 (α = 11.137 deg, Re = 1×106).
91
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.13: MFF-089 CC-11 (α = 12.161 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.14: MFF-089 CC-11 (α = 13.197 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.15: MFF-089 CC-11 (α = 15.240 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.16: MFF-089 CC-11 (α = 16.253 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.17: MFF-089 CC-11 (α = 17.274 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.18: MFF-089 CC-11 (α = 18.275 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.19: MFF-089 CC-15 (α = 9.089 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.20: MFF-089 CC-15 (α = 10.113 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.21: MFF-089 CC-15 (α = 11.151 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.22: MFF-089 CC-15 (α = 13.194 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.23: MFF-089 CC-15 (α = 14.211 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.24: MFF-089 CC-15 (α = 15.234 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.25: MFF-089 CC-15 (α = 16.261 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.26: MFF-089 CC-15 (α = 17.261 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.27: MFF-089 CC-15 (α = 18.267 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.28: MFF-089 CC-40 (α = 9.092 deg, Re = 1×106).
107
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.29: MFF-089 CC-40 (α = 10.101 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.30: MFF-089 CC-40 (α = 12.148 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.31: MFF-089 CC-40 (α = 13.172 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.32: MFF-089 CC-40 (α = 14.198 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.33: MFF-089 CC-40 (α = 15.220 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.34: MFF-089 CC-40 (α = 16.241 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.35: MFF-089 CC-40 (α = 17.246 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.36: MFF-089 CC-53 (α = 9.106 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.37: MFF-089 CC-53 (α = 10.119 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.38: MFF-089 CC-53 (α = 11.153 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.39: MFF-089 CC-53 (α = 13.194 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.40: MFF-089 CC-53 (α = 14.215 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.41: MFF-089 CC-53 (α = 15.236 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.42: MFF-089 CC-53 (α = 16.255 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.43: MFF-089 CC-53 (α = 17.266 deg, Re = 1×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure C.44: MFF-089 CC-53 (α = 18.269 deg, Re = 1×106).
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Appendix D
Tunnel Simulations Representative Plots
Appendix D contains the following plots for all computed angles of attacks for one and two walled tunnel simulations
of the baseline configuration of the closely-coupled multielement airfoil system:
• Pressure coefficient (Cp) contour plot
• Stagnation Pressure (P0) contour plots
• U/U∞ contour plots
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(a) Cp contour
(b) P0 contour
Figure D.1 (cont. on next page)
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(c) U/U∞ contour
Figure D.1: MFF-089 CC-1 tunnel simulation (one wall, α = 9.081 deg, Re = 1×106).
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(a) Cp contour
(b) P0 contour
Figure D.2 (cont. on next page)
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(c) U/U∞ contour
Figure D.2: MFF-089 CC-1 tunnel simulation (one wall, α = 11.149 deg, Re = 1×106).
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(a) Cp contour
(b) P0 contour
Figure D.3 (cont. on next page)
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(c) U/U∞ contour
Figure D.3: MFF-089 CC-1 tunnel simulation (one wall, α = 14.216 deg, Re = 1×106).
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(a) Cp contour
(b) P0 contour
Figure D.4 (cont. on next page)
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(c) U/U∞ contour
Figure D.4: MFF-089 CC-1 tunnel simulation (one wall, α = 16.258 deg, Re = 1×106).
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(a) Cp contour
(b) P0 contour
Figure D.5 (cont. on next page)
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(c) U/U∞ contour
Figure D.5: MFF-089 CC-1 tunnel simulation (two walls, α = 9.081 deg, Re = 1×106).
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(a) Cp contour
(b) P0 contour
Figure D.6 (cont. on next page)
135
(c) U/U∞ contour
Figure D.6: MFF-089 CC-1 tunnel simulation (two walls, α = 11.149 deg, Re = 1×106).
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(a) Cp contour
(b) P0 contour
Figure D.7 (cont. on next page)
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(c) U/U∞ contour
Figure D.7: MFF-089 CC-1 tunnel simulation (two walls, α = 14.216 deg, Re = 1×106).
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(a) Cp contour
(b) P0 contour
Figure D.8 (cont. on next page)
139
(c) U/U∞ contour
Figure D.8: MFF-089 CC-1 tunnel simulation (two walls, α = 16.258 deg, Re = 1×106).
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Appendix E
Well-Separated Configurations
Representative Plots
Appendix E contains the following plots for all computed angles of attacks of the well-separated multielement airfoil
system configurations:
• Pressure coefficient (Cp) contour plot
• Stagnation Pressure (P0) contour plots
• U/U∞ contour plots
• Mach number contour plots
• Chordwise Cp distribution
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.1: MFFS-026 WS-1 (α = 1.957 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.2: MFFS-026 WS-1 (α = 3.999 deg, Re = 0.975×106).
143
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.3: MFFS-026 WS-1 (α = 5.025 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.4: MFFS-026 WS-1 (α = 6.024 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.5: MFFS-026 WS-1 (α = 7.043 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.6: MFFS-026 WS-1 (α = 9.104 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.7: MFFS-026 WS-1 (α = 11.142 deg, Re = 0.975×106).
148
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.8: MFFS-026 WS-3 (α = -0.078 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.9: MFFS-026 WS-3 (α = 1.935 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.10: MFFS-026 WS-3 (α = 3.974 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.11: MFFS-026 WS-3 (α = 4.996 deg, Re = 0.975×106).
152
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.12: MFFS-026 WS-3 (α = 5.998 deg, Re = 0.975×106).
153
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.13: MFFS-026 WS-3 (α = 8.054 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.14: MFFS-026 WS-3 (α = 9.070 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.15: MFFS-026 WS-5 (α = 0.918 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.16: MFFS-026 WS-5 (α = 2.964 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.17: MFFS-026 WS-5 (α = 5.004 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.18: MFFS-026 WS-5 (α = 6.004 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.19: MFFS-026 WS-5 (α = 7.033 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.20: MFFS-026 WS-5 (α = 8.062 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.21: MFFS-026 WS-5 (α = 9.080 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.22: MFFS-026 WS-7 (α = -0.067 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.23: MFFS-026 WS-7 (α = 1.948 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.24: MFFS-026 WS-7 (α = 3.989 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.25: MFFS-026 WS-7 (α = 5.013 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.26: MFFS-026 WS-7 (α = 6.015 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.27: MFFS-026 WS-7 (α = 7.046 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.28: MFFS-026 WS-7 (α = 9.092 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.29: MFFS-026 WS-9 (α = -0.061 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.30: MFFS-026 WS-9 (α = 1.962 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.31: MFFS-026 WS-9 (α = 3.993 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.32: MFFS-026 WS-9 (α = 5.016 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.33: MFFS-026 WS-9 (α = 6.016 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.34: MFFS-026 WS-9 (α = 7.044 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.35: MFFS-026 WS-9 (α = 8.071 deg, Re = 0.975×106).
176
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.36: MFFS-026 WS-11 (α = -0.056 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.37: MFFS-026 WS-11 (α = 1.958 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.38: MFFS-026 WS-11 (α = 4.000 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.39: MFFS-026 WS-11 (α = 5.014 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.40: MFFS-026 WS-11 (α = 6.024 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.41: MFFS-026 WS-11 (α = 7.055 deg, Re = 0.975×106).
182
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.42: MFFS-026 WS-11 (α = 9.089 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.43: MFFS-026 WS-12 (α = -0.055 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.44: MFFS-026 WS-12 (α = 1.970 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.45: MFFS-026 WS-12 (α = 4.012 deg, Re = 0.975×106).
186
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.46: MFFS-026 WS-12 (α = 5.026 deg, Re = 0.975×106).
187
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.47: MFFS-026 WS-12 (α = 6.034 deg, Re = 0.975×106).
188
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.48: MFFS-026 WS-12 (α = 7.053 deg, Re = 0.975×106).
189
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.49: MFFS-026 WS-12 (α = 9.097 deg, Re = 0.975×106).
190
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.50: MFFS-026 WS-13 (α = -0.048 deg, Re = 0.975×106).
191
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.51: MFFS-026 WS-13 (α = 1.978 deg, Re = 0.975×106).
192
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.52: MFFS-026 WS-13 (α = 4.009 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.53: MFFS-026 WS-13 (α = 5.032 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.54: MFFS-026 WS-13 (α = 6.032 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.55: MFFS-026 WS-13 (α = 7.063 deg, Re = 0.975×106).
196
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.56: MFFS-026 WS-13 (α = 9.107 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.57: MFFS-026 WS-32 (α = -0.037 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.58: MFFS-026 WS-32 (α = 1.985 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.59: MFFS-026 WS-32 (α = 4.021 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.60: MFFS-026 WS-32 (α = 5.034 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.61: MFFS-026 WS-32 (α = 6.049 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.62: MFFS-026 WS-32 (α = 7.054 deg, Re = 0.975×106).
203
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.63: MFFS-026 WS-32 (α = 8.080 deg, Re = 0.975×106).
204
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.64: MFFS-026 WS-33 (α = 0.957 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.65: MFFS-026 WS-33 (α = 2.992 deg, Re = 0.975×106).
206
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.66: MFFS-026 WS-33 (α = 5.038 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.67: MFFS-026 WS-33 (α = 6.031 deg, Re = 0.975×106).
208
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.68: MFFS-026 WS-33 (α = 7.057 deg, Re = 0.975×106).
209
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.69: MFFS-026 WS-34 (α = -0.046 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.70: MFFS-026 WS-34 (α = 1.976 deg, Re = 0.975×106).
211
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.71: MFFS-026 WS-34 (α = 4.011 deg, Re = 0.975×106).
212
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.72: MFFS-026 WS-34 (α = 5.022 deg, Re = 0.975×106).
213
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.73: MFFS-026 WS-34 (α = 6.028 deg, Re = 0.975×106).
214
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.74: MFFS-026 WS-34 (α = 7.056 deg, Re = 0.975×106).
215
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.75: MFFS-026 WS-1 without strut (α = 1.957 deg, Re = 0.975×106).
216
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.76: MFFS-026 WS-1 without strut (α = 3.999 deg, Re = 0.975×106).
217
(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.77: MFFS-026 WS-1 without strut (α = 5.025 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.78: MFFS-026 WS-1 without strut (α = 6.024 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.79: MFFS-026 WS-1 without strut (α = 7.043 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.80: MFFS-026 WS-1 without strut (α = 9.104 deg, Re = 0.975×106).
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(a) Cp contour (b) P0 contour
(c) U/U∞ contour (d) Mach Number (M ) contour
(e) Chordwise Cp distribution
Figure E.81: MFFS-026 WS-1 without strut (α = 11.142 deg, Re = 0.975×106).
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